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ABSTRACT
The subject of this dissertation is the antennas of hand- 
portable and body-worn transceivers. The human body, within the 
immediate neighbourhood of the portable antenna, is treated as an 
integral part of the radiating structure. The resulting body 
antenna combination is analysed experimentally using a novel 
technique which was developed as part of the work undertaken.
The work is divided into three broad sections;, the first is 
centred on the development of a system capable of measuring the 
radiation properties of the antenna-body system. The arrangement 
employed is based on the near-field to far-field spherical scanning 
technique which for the purpose of the present work is adapted to 
the particular requirements of VHF/UHF antennas. So far as is known 
it is the first such facility capable of being used at relatively 
low frequencies.
The second part of the work is concerned with the measurement 
of antenna impedance. The technique proposed is free from perturb­
ation of the electromagnetic field associated with various methods 
used in the past. Use is made of a 'single' optical fibre link to 
transmit the R.F. signals associated with vector impedance measure­
ment to the measuring instrumentation situated at some distance 
away from the portable antenna. Unlike earlier methods, the one 
described here can predict the antenna impedance in both modulus and 
phase and is therefore suitable for the experimental design of 
matching networks to be used with portables. This design procedure 
was based in the past on time consuming trial and error techniques.
Finally a limited study undertaken on the effect of the 
human body on the portable antenna is described. The research 
undertaken is based on a commercial portable radio operating at 
167 MHz equipped with a variety of antennas. The study, which 
makes use of the facilities described earlier, demonstrates that 
with all known types of portable antennas the effect of the human 
body is characterized mainly by high energy absorption and severe 
antenna pattern perturbation.
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Hand-held portable radio transceivers for personal communic­
ation are now becoming widespread. The increased popularity of these 
equipments is  the outcome of the extreme miniaturization which has 
transformed the portable radio into its  modern versatile  form making 
th is device a viable proposition.
The rapid evolution of micro c ircu itry  in recent years has made 
a s ign ificant contribution in this area, to the extent that the size 
and weight of the modern radio is  now largely determined by the 
battery necessary to power the equipment. There is  thus an urgent 
need for a proportional reduction in the size of the battery and, 
given the rather sluggish pace of improvements in the storage 
capacity of c e lls , th is goal can only be achieved i f  the power 
consumption needed by the.radio can be d rastica lly  reduced.
Unfortunately however the quality of speech transmission is  
synonymous with a comparatively large power consumption, the reason 
having its  orig in in the performance of the antennas employed. 
Conventional antennas for personal radio transceivers are invariably 
of the whip or rod type with linear dimensions smaller than a quarter- 
wavelength and i t  is  a well-known fact, confirmed by the work of 
Chu (1), Harrington (2),(3) and Schiefer (4), that for th is class of 
antennas the gain and effic iency are very moderate. Moreover, 
and even worse, the proximity of the human body results in a 
considerable signal loss and a severe d istortion in the horizontal 
radiation pattern of these antennas.
CHAPTER 1 INTRODUCTION
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It is  generally assumed that the body, consisting as i t  does 
of lossy material, w ill always induce a severe reduction in the 
effic iency of any antenna, but in the case of portable radios where 
the body is  actually a part of the radiating structure th is may 
conceivably not always be the case. Under some circumstances a 
nearby body whose dimensions are normally in excess of the operating 
wavelength might be expected to increase the radiation resistance of 
a portable antenna to the extent that a net improvement could result.
Unlike the extensively studied problem of the exposure of the 
human body to a plane wave, the interaction between an antenna and 
a nearby human is  not well understood, owing to the complex 
characteristics of the near f ie ld  of the antenna. It is  known for 
instance that the vectors E and H are no longer necessarily ortho­
gonal. Furthermore the wave impedance is  not equal to the far f ie ld  
value of 377 ohms. The exposure of humans and animals to the near­
f ie ld  of an antenna is  a subject now receiving considerable 
attention, although the approach to the subject seems to vary with 
respect to p e r s p e c t iv e s  and motivation.
In an attempt to determine the potential biological hazards 
associated with back-pack and portable transmitters Karimullah (5), 
Chen and Nyquist computed the power absorbed by man in the lower 
UHF band using a simplified human model. Their results indicate 
that the absorption could be as high as 50%, With re la tive ly  s ize ­
able antennas they predicted considerable perturbations in the 
current d istribution on the antenna. Furthermore the human body 
was found to behave like  a lossy director element. Iskander (6),
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Barber, Durney and Massudi studied the exposure of a prolate 
spheroidal model of man to the near-field of a short e le c tr ic  
dipole. They found that the specific absorption rate osc illa tes 
about the plane wave values with possible enhancement in the region 
of small rad ii of curvature. Sim ilar investigations .with a.;small 
loop antenna aligned coaxia lly about the major axis of the spheroid 
indicated that the heating was mainly confined to the v ic in ity  of 
the model's surface, with no power absorption along the major axis. 
The distinguishing feature of the la tte r configuration is  the 
absence of e le c tr ic  f ie ld  along the major axis which results in 
substantially d ifferent f ie ld  from those associated with the e le c tr ic  
dipole case.
Along the same lines of investigation Lakhtakia (7 ), Iskander 
and Durney considered the near-fie ld exposure of the human body to 
loop antennas at various orientations. They showed that good agree­
ment with fa r- f ie ld  results could only be obtained for comparatively 
large body-antenna distances; furthermore, they showed that under 
conditions of.maximum coupling between the body and antenna the 
specific absorption rate increases continuously as distance decreases 
Hagmann(8)., Gandhi and Durney employed a more re a lis t ic  model of 
man in order to calculate the specific absorption rate around the 
various parts of the body. Their results indicate the existence of 
resonances associated with the various body parts, such as the head 
and arms. Without exception a ll these investigators centred the ir 
attention on the current d istribution in the body keeping the electro 
magnetic f ie ld  in the background of the ir calculations.
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In contrast to th is Andersen (9) and Hansen investigated the 
p o ss ib ility  of the body being used as an e ff ic ien t radiator/receiver. 
U tiliz in g  a theoretical model for the body, consisting of a large 
number of spheres in close proximity they reported a number of 
encouraging results. For example they suggested that antennas 4 cm 
long with capacitive top loading could be used in conjunction with 
the human body at 150 MHz to provide effic iencies better than - 6 dB 
over bandwidths up to 2 MHz.
Pursuing a sim ilar goal Neukomm (10) has reported a polarization- 
transformation effect due to the proximity of the body suggesting that 
a very e ff ic ie n t omnidirectional dipole lik e  radiating system could be 
formed by a small radial antenna used in conjuction with a human body.
For th is class of antennas he reported a high absolute gain and that 
detuning was small in relation to that of a standard vertical helix.
The effect of the human body on standard whip antennas was investigated 
by Krupka (11). Covering the frequency range of 30 to 150 MHz, he has 
reported that the body acts as a director and eventually as a reflector 
element with an effic iency of 5%.
Regrettably, owing to the considerable d if f ic u lt ie s  of the problem, 
a ll these investigators have employed computations based only on simpl­
if ie d  models of the human or else they have confined the ir measurements 
to the azimuthal plane alone.
A study of the body antenna interaction in the context of portable 
radio communication should encompass the following considerations
a) the antenna input impedance variation as a function of re lative 
proximity to the body:
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In order to achieve maximum power transfer i t  is  necessary to 
maintain a good match at the input terminals of the antenna. The 
proximity of the human body w ill a lte r the input impedance of the 
antenna and i t  is  of interest therefore to know the nature of th is 
variation in order to take corrective measures.
b) the effic iency of the body antenna combination:
Efficiency is  of paramount importance since the overall performance 
of the portable is  determined by the size of the battery which can 
be tolerated.
c) the determination of the radiation pattern:
The radiation pattern is ,  obviously, of considerable importance, 
being by defin ition  a 'map' of the direction of preferred propagation 
of the radiated energy. In the case of portables, communication 
between subjects standing on the ground is  presumed therefore energy 
propagation at high elevation angles is  wasteful. A good portable 
antenna is  one that concentrates most of the radiated energy close to 
the ground and which possesses an omnidirectional coverage in azimuth, 
thus making possible good signal transmission at a ll re lative orent- 
ations of the communicating subjects.
Generally speaking both theoretical and experimental treatments of 
the items lis ted  above present considerable d if f ic u lt ie s . On the one hand 
the complexity of the human body - it s  irregular shape and non-uniform 
composition - has forced theoreticians to employ simplified structures in 
the ir analyses, e.g. cylinders of uniform composition. On the other hand 
the d if f ic u lty  in performing global radiation pattern measurements in the 
VHF/UHF bands has restricted a ll previous experimental analysis to the 
azimuthal plane. Furthermore the need to extract various signals from the 
antenna under test has presented a further problem since the conductive
-  6 -
cables employed to carry these signals to the measuring instruments 
can radiate more than the antenna it s e lf .
It has been a major objective of the work described in th is 
thesis to overcome these practical lim itations to making tru ly  
acceptable measurements. Since conventional radiation pattern 
measurements in the fa r-f ie ld  can only be performed at comparatively low 
angles of elevation they have been replaced by near f ie ld  measurements 
performed in the close neighbourhood of the body-antenna test configuration. 
In contrast to fa r-f ie ld  measurements, the small distance between the 
test antenna and measuring probe allows global probing of the e lectro­
magnetic f ie ld . In conjunction with a near-to-far-fie ld  transformation 
th is method can produce the desirable f ie ld  d istribution everywhere in 
space. Other parameters such as power radiated (for the calculation of 
efficiency) can be obtained as a si deproduct of the transformation 
technique.
The second problem associated with the measurement of impedance, 
namely the need to trasmit various signals from the antenna under test 
has been overcome by the use of fib re-optic technology. According to the 
method adopted, the desired VHF/UHF signals required are modulated onto 
the lig h t output of a semiconductor laser diode, the resulting signal 
propagating away from the test antenna via an optical fib re . The d ie l­
ectric  composition of the fib re  ensures a neglig ib le disturbance in the 
electromagnetic f ie ld  of the test antenna.
The objective of the work described here can thus be summarised as
i)  To devise a method for the study of body antenna interaction, 
with particu lar emphasis on the impedance, the. effic iency and 
the radiation pattern of the' composite structure.
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i i )  To study the interaction of the body with antennas 
mounted on commercially available portable radios.
Reviewing b r ie fly  the content of this thesis, chapter 2 forms 
an introduction to the near f ie ld  spherical scanning technique for 
the radiation pattern measurement. This technique, o r ig ina lly  
developed for s im ilar purposes in the area of microwaves, has been 
adapted to.the special requirements of the present problem. It 
was not certain at the outset that the method would work; for 
instance the groundplane incorporated in the experimental fa c i l i t y  
presented a problem on account of its  non-infinite size. Further­
more the mechanical design was d if f ic u lt ,  but achieved successfully. 
Cost was also an important consideration.
The mathematical analysis which makes possible fa r-f ie ld  
predictions from near-field measurements follows in chapter 3. 
Chapter 4 describes the software implementation of the near to far 
f ie ld  transformation. Based on the material of the above two 
chapters a Fortran program has been constructed which is  capable of 
highly accurate fa r- f ie ld  predictions at the same time being 
economical in computation time. A detailed description of the 
experimental near-fie ld f a c i l i t y  follows in chapter 5. The imped­
ance measurement technique employed in this work is  dealt with in 
chapter 6.
Using the fa c i l i t y  described in the above chapters a lim ited . 
study of the body^antenna system was conducted based on a commercial 
portable radio operating at 167 MHz. Radiation.patterns have been
-  8 -
successfully measured which confirm the anticipated distortions 
due to the proximity of a human. At this particu lar frequency 
the lossy nature of. the human body has been demonstrated. This 
study on the body antenna interaction is  presented in chapter 7.
A more detailed description of theory and experiment is 
covered in a series of appendices.
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CHAPTER 2 THE SPHERICAL NEAR TO FAR FIELD SCANNING
TECHNIQUE - (SNFF)
2.1 Introduction
The Near to Far Fie ld Spherical Scanning Technique (SNFF) consists 
of measuring the tangential e le c tr ic  f ie ld  components Ee, E<J> of an 
antenna, in both amplitude and phase over the entire surface of an 
imaginary sphere situated in close proximity to, and completely 
surrounding the test antenna; Fig. 2.1. The measured near f ie ld  is  
then broken down into a set of orthogonal spherical wave functions or 
modes. These modes are read ily  extrapolated to large distances and 
summed to provide the antenna's fa r f ie ld . D irec tiv ity  can also be 
determined as i t  is  simply related to these spherical modes.
In a source free region any function describing the electro­
magnetic vectors E and H is  a solution to the vector Helmholtz (or 
vector wave) equation. In particu lar i t  is  possible to solve the 
wave equation in spherical coordinates (12) through the application 
of the vector potentia ls.- see Appendix 2.
The resulting solution takes the form:
E (or H) = V Qn R 0 2.1.1« m n nm m n,m
where R(r) r
0(e) describes the e dependence of the f ie ld
#(4.) $
and
Qnm are weighting Complex constants.
Each product Rn©nm$m constitutes a mode or spherical wave function.
ARBITRARY T E S T  A N T E N N A
F i g .  2 . 1  The s p h e r e  o f  m e a su re m e n ts
(T h e  u p p e r  a n d  lo w e r  h e m is p h e r e s  a r e  s e p a r a t e d  t o  r e v e a l  
t h e  t e s t  a n te n n a  a t  t h e  c o - o r d in a t e  o r i g i n )
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a) measurement of Ee, E$ in the near fie ld
b) calculation of the coefficients' nm
c) substitution of the far f ie ld  form of the radial functions,
RFn ( = Limit Rn) in eq. 2.1.1
r-+oo
d) summation of a ll terms in eq. 2.1.1 to obtain the far f ie ld .
2.2 The Sampling Procedure
As seen in Section 2.1, the measurement of the tangential 
components of the vector E in both amplitude and phase is  the f i r s t  
step in the SNFF technique. In general linearly  polarized probes 
are used to measure the f ie ld , and this implies that two sets of 
measurements must be taken, one for each polarization. S tr ic t ly  
speaking i t  is  possible to measure both polarizations simultaneously, 
however the probes suitable for th is task are highly frequency 
dependent.
In both sets of measurements mentioned above, data processing 
dictates that samples of the f ie ld  be taken at equal angular in terva ls, 
the number of samplings along any spherical arc being equal to an 
integral power of 2. These conditions are imposed by a special form 
of the Cooley-Tukey (13) algorithm for the computation of the discrete 
Fourier transform, which forms an essential tool for the e ff ic ie n t 
data processing necessary, which is  described in subsequent chapters.
It is  a well known resu lt of information theory, that accurate 
reproduction of sampled waveforms is  possible for bandlimited wave­
forms only. It is  now shown that this condition holds in the case 
of the patterns emerging from re a lis t ic  antennas. Following section
In the light of eq. 2.1.1 SNFF can be restated as follows:-
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2.1, the f ie ld  surrounding any antenna can be expanded in a set of
spherical modes. The results of Chu (1) and Harrington (2,3) dictate
that for any antenna of f in ite  dimensions and quality factor there
exists a lim it to the number of modes present in its  radiation/
receiving pattern. Furthermore the degree of the modes present w ill in p r a c t i c e
not exceed some value, n say, which depends on the quality factor,
and the maximum linear dimension of the antenna re lative to the
operating wavelength (Appendix 1). The spatial frequency content of
any mode of degree n (2n + 1 such modes exist) extends up to and
includes the nth harmonic in e, and possibly in <j>. That is ,  the
modal function Rnm(e»<i)»r ) can'be expressed as:
Fnm(0 ^ » r ) = R( r ) T ( K*) I  T U e ) 2 - 2 - 1
c
where T(a) is  any linear combination of sina and cosa
K = l,2 , . . .n  depending on the modal index m
and c = n,n - 2, n - 4 .. ..
Eq. 2.2.1 provides su ffic ien t evidence as to the bandlimited nature
of the antenna's radiation pattern.
The actual process of sampling is  illu s tra ted  in Fig. 2.2.
Probes.of f in ite  dimensions are employed in practice, and these 
subtend a f in ite  angle Aa at the coordinates' orig in. The output of 
e le c tr ica lly  small probes, which are usually employed, is  essentia lly 
the line  integral of the e le ctr ic  f ie ld  vector along the ir length (14).
Hence the output of the probe upon the 1th sampling is  by Fig. 2.2.
Aa
V£ =
£3+ 2
Ep sin(n0-y)d0
Fig. 2.2 The sampling procedure
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sin(nAct/2)
sin(n£8 - y) 2.2.2
where 0 stands for either © or 4>
8 is  the sampling interval
n is  the modal degree and hence the angular frequency of
the highest spatial frequency component within the 
mode (see eq. 2.2.1)
Ep is  the amplitude of the nth harmonic
y is  the phase of the nth harmonic re lative to some
reference fixed in space.
I f  the 1th output, Va, is  interpreted as the value of the fie ld  at 
0 = £8j the resulting sampled waveform can be expressed as:
where 5(0 - £8) is  the sampling impulse function.
The summation on the right hand side of eq. 2.2.3 is  precisely 
the idealized sampled waveform; information theory dictates that for 
th is class of waveforms no error occurs during reproduction provided 
the Nyquist crite rion  has been fu lf i l le d  during the sampling process. 
I t follows that V of eq. 2.2.3 correctly describes the original wave­
form but for a scale factor [s in ( n A a / 2 ) / n / 2 ] ,  which depends only on 
the angular frequency of the harmonic being sampled and the linear 
dimensions of the probe. The scale factor it s e lf  can be accounted 
for during reproduction, thus providing partia l correction for the 
probe's non-ideal characteristic. An exact treatment of a probe's 
characteristics, is  possible in the so called SNFF technique with 
PROBE CORRECTION (15) which treats the probe's receiving properties
V = H a ( n W 2 ) £ Ep s i n ( ne -  y ) 6 ( 0  - £B) 
£
2.2.3
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as another set of modal functions but th is is  not generally necessary. 
The la tte r have the important property of describing 'exactly ' the 
radiation/receiving pattern of antennas.
The important conclusions of th is section can be summarized 
as follows: If
a) the f ie ld  is  sampled by a probe on non-zero length 
which integrates the vector (E) along it s  length
b) the probe's output is  interpreted as the value of 
the f ie ld  midway along it s  length
c) the Nyquist crite rion  is  fu lf i l le d .
Then
a) no phase error occur
b) the amplitude is  scaled by the factor _
The last conclusion however must not mislead one as to the 
maximum permissible size of the probe, for the analysis carried out 
here is  based on the assumption that e le c tr ica lly  small probes are 
employed, which form the best approximation to the non-realizable 
isotrope. In general probes with dimensions comparable to the wave­
length w ill be more directional as compared to small probes, hence 
the ir directional nature can no longer be ignored. The present 
sim plified SNFF technique .will no longer be valid and the general 
SNFF technique with probe correction w ill have to be used at the 
expense of computational e ffort.
F ina lly  a sampling crite rion  w ill be stated. This crite rion  
w ill dictate the minimum number of samplings needed for an accurate
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description of the test antenna's radiation pattern. Eq. 2.2.3 can 
be employed, together with the Nyquist crite rion , to determine the 
number.of samplings needed for the nth mode reproduction. Hence
the number of Sampling along any spherical sector K is:
K > 2n 2.2.4
n can not in general be known beforehand, • but i t  is  possible to
obtain a rough estimate of its  maximum value via Fig. A.l of 
Appendix 1.
2.3 SNFF in Conjunction with Metallic Ground Planes
The near f ie ld  measurement of portable radio antennas which
forms the f i r s t  step in the present SNFF technique, is  carried out
above a conducting ground plane of linear dimensions several times 
greater than the operating wavelength. S tr ic t ly  speaking ordinary 
ground should be employed.for these measurements since portables 
normally operate on the.surface of the earth. It is  very d if f ic u lt ,
however, to prevent unwanted interference from metallic equipments •'
which are normally situated in close proximity to the test antenna 
e.g. rotating mechanisms, etc. This, interference effect is 
particu la rly  severe in the case of uhf antenna measurements since the 
low gain of these antennas.makes i t  impossible to lim it the radiation 
in a direction away from the control apparatus. The ground plane 
incorporated in th is work provides a good iso lation between the 
antenna and control equipment, the ground plane it s e lf  being an 
idealized alternative to the imperfect earth so il.
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Image theory (16) makes i t  possible to know the f ie ld  that would
be present.in the lower half space i f  the ground plane were to be
removed and replaced by the antenna's image. This knowledge is  
essential for SNFF data processing, the la tte r demanding global 
knowledge of the antenna's electromagnetic f ie ld . The results of
image theory are quoted here for future reference:
a) for vertica l polarization E( t t  - 0) = E(o)
b) for horizontal polarization E(ir - 0) = - E(0)
where E(0) is  the e le c tr ic  intensity at an angle 0 
and 0 < 0 <
These two equations are su ffic ien t in providing a mathematical 
description of the test antenna image.
It remains to formulate the effect of the probe antenna's 
image introduced by the ground plane. Bearing in mind that as the
probe moves along its  track, it s  image w ill also move, the effect of
th is image w ill be a function of the elevation e. However, as 
explained in Section 2.4, the probe and hence its  image.can be made 
almost ' in v is ib le ',  in electromagnetic terms, thus the probe image 
(like  the probe it s e lf )  w ill have a minimal effect on the measure- 
ant; A further correction fo r the effect of the image can be made 
by measuring the impedance of the probe as a function of e, in the 
manner explained below. The variation of the probe's impedance 
versus 0, can be thought of as the effect of the image on the probe 
its e lf .
Let the probe feed a non-infin ite termination z, Fig. 2.3 (To 
comply with Section 2.4 th is termination should be as high as possible).
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From network theory
VL ZL
v w r  2 - 3 J
where Z^  is  the impedance presented to the probe by it s  termination
Zp(e) is  the probe's impedance - a function of elevation e 
is  the voltage appearing across the termination 
Vj^j is  the voltage induced on the probe by the f ie ld , which 
correctly describes the f ie ld  intensity.
Measuring Zp(e) as a function of e, the ratio  VL/VM can be 
found and hence can be estimated.from the measured V^ .
r---------------- 1— i-----------------1
f« \ \ )  2p z f a \ VL
Fig. 2.3 The effect of the changing probe impedance.
2.4 Test Antenna - Probe Multiple Interactions
The introduction of a Probe in the near f ie ld  of the test antenna 
w ill generally speaking, upset the current d istribution of the test 
antenna. For by it s  nature the probe is  an antenna capable of scatter­
ing some of the electromagnetic energy back to the test antenna. 
Furthermore, in the measurement process the probe is  moving with 
.respect to the antenna, while measuring the near f ie ld , hence its  
effect on the antenna's current d istribution becomes quite involved. 
Indeed the test antenna causes a sim ilar disturbance on the current 
d istribu tion .o f the probe; as.a matter of fact multiple interactions 
to a ll orders exist.
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Rather than trying to. formulate this effect, i t  is  better to 
avoid i t  altogether, though in .practice, i t  w ill always ex ist to 
some small degree.
Introducing the concept of the Antenna Scattering Matrix,
Dicke (17) has shown that for an arbitrary antenna the scattered 
power, is  always equal .to or greater than the absorbed power, equality 
achieved only.by a special class of antennas termed Minimum Scattering 
(MS). I f  a MS antenna is  terminated in a particu lar set of re fle c t­
ive loads, the scattered f ie ld  is  zero, and the ..surrounding f ie ld  
becomes indistinguishable from free space. Should the above re flective  
termination be. an.open c irc u it  the antenna is  termed as Canonical 
Minimum Scattering (CMS).
This princip le may be employed in practice to minimize the test 
antenna-probe multiple interactions. A small tuned dipole (an example 
of a canonical minimum.scattering antenna) is  employed in the role of 
the probe. I f held open circu ited , i t  becomes electromagnetically 
'in v is ib le ' causing no disturbance on the surrounding f ie ld , in th is 
way eliminating any po ss ib ility  for multiple interactions with the 
antenna under test. In practice of course the imperfect probe material 
and its  non-infinite termination results in a small amount of absorbed 
energy which, by Dicke, co-exists with an equal amount of scattered 
energy. The degree to which these unwanted effects ex ist w il l ,  among 
other factors, dictate the minimum probe-test antenna spacing which can 
be employed.
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Considering the properties of the Radian-Sphere , Wheeler (18) 
suggested that, by enclosing any antenna in a spherical, perfectly 
conducting radiation shield, whose surface corresponds to the radian- 
sphere, i t  is  possible to eliminate the radiation f ie ld  of the 
antenna while-preserving it s  current d istribution . The la tte r fact 
ensures.that the power loss in the antenna i t s e lf  remains unchanged 
when a radiation shield is  employed, thus providing a method for 
separating the radiated power from the losses. Practical radiation 
shields are reported to work accurately, the ir exact dimensions, 
shapes, material and position with respect to the antenna, not being 
c r it ic a l.
Wheeler's proposition can be successfully employed together 
with low loss radiators to provide a known f ie ld  suitable for the 
calibration of SNFF fa c i l i t ie s .  For th is purpose a quarter wave 
monopole is  mounted at the coordinate origin of the SNFF fa c i l i t y  
d irectly  above the conducting ground plane. The monopole is  matched 
to it s  feeder through low loss matching devices thus ensuring a.strong 
radiation f ie ld . The feeder is  then driven by a stable source its  
impedance being measured with and without the radiation shield. The 
net radiated power is  then found from:
Ri ~R2
Pr = pin 2.5.1
where Pr is  the net radiated power
Pin is  the total input power without the shield
R1 and R2 are the real parts of the measured impedances
without and with the shield.
The Radian-Sphere as defined by Wheeler is  an imaginary sphere centred 
at the orig in  of the antenna and whose radius equals X/2tt.
2.5 System Calibration, for Absolute Power Measurements
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The f ie ld  surrounding.the monopole antenna w ill involve more 
than one mode; since these modes are orthogonal with respect to 
radiated power i t  follows that:
Pi" = K I IQJ2 2.5.2
I  *
where Pr is  the net power radiated as determined by the Wheeler 
shield
is  the modal coefficient describing the electromagnetic 
f ie ld  of the monopole antenna 
K is  the unknown calibration factor which is  extracted 
from eq. 2.5.2.
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CHAPTER 3 MATHEMATICAL ANALYSIS
The theory contained within this chapter is  necessary for the 
construction of the program which follows in chapter 4 and which has 
been used to carry out the near f ie ld  to far f ie ld  transformation. 
The general lines of th is analysis are based on work by Jensen (19), 
and Wacker (15).
Additional information regarding background theory as well as 
deta ils of the present analysis is  included in Appendices 2 and'3.
3.1 The Spherical Wave Modes
For an arb itrary current distribution and antenna structure, 
the f ie ld  outside a sphere surrounding the antenna can be expressed 
in terms of a complete set of orthogonal spherical wave functions 
propagating rad ia lly  outwards - see Appendix 2. Thus:
2 oo n
1 =  I  l  I  Q.nmEs=i n=i m=-n s -snm
2 co n
H - - jn J I I s^nirfs+inm
s=i n=i m=-n
3.1.1
exp(- jwt) time dependence is  assumed, n is  the admittance of free 
space:
n =
The form of functions is  shown below:—snm
F = W —mm nm
jm D im
d
fie
sine
Pn'H1' (cose)
Pn1 1 (cose)exp(jm<j)) hnv '(Kr) _e( i )
exp(jm<f>) hn^^(Kr) i
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—2nm n^m n-j^+- Pnlml(cose) exp(jm4>)'h^^(Kr) r
, d
+ '$Q Kr hn^ (Kr)Pn*m'(cose) exp(jm<}>)
Pn I—I (cose) exp(jm*) -g^py Kr hn 1 (Kr)
where
and
Wnm n
Pnm(cose): the associate Legendre function of argument - (cose)
hn^ fK r): the spherical Hankel function of the f i r s t  kind.
The mode functions of eq. 3.1.2 have been normalized so that:
k m m 2n+l
12 (n- m )!
Q [¥| "A n(n+l) (n+ m )!
3.1.2
3.1.3
Jn snm x -s+lnm-1’— ds =
i t  can then be shown that the total power carried in the f ie ld  is
P°WER = | I |QSJ
snm
3.1.4
3.2 Evaluation of Qsnm from the Measured Tangential E lectric  Field
The near to far f ie ld  transformation technique consists of
measuring the tangential component of the e le c tr ic  f ie ld  in order to
evaluate the excitation coeffic ients Q of eq. 3.1.1. It is  thensnm
possible to transform the data to the far f ie ld  through the far f ie ld  
form of eq. 3.1.1.
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This section describes the manner in which coefficients Q^
snm
can be extracted from the measured tangential component of the 
e le c tr ic  f ie ld .
The tangential component of the e lectric  f ie ld  can be found 
from eq. 3.1.1 by omitting the radial components. Thus:
2 oo n
e t ( e , * )  = I I I Q R G
s=l r\=1 m=-n snm sn _snm
where
Rsn = hn(l)(Kr) for s = 1
and
Tff'aillrT [Kr hn^ ( Kr)] for s = 2
nm -s nm —s+i'
3.2.1
3.2.2
the following conventions have been adopted: 
s + 1 = 2 for s = 1 and V = e
-I —
= 1 for s = 2 and V_2 =
f in a lly
A = W jm n j m  nm "nm sine Pn1 1 (cose)
3.2.3
B = w [Pn^(cose)l nm nm oe 1 j 3.2.4
Wnm , a
m m 2n+l
12 (n- m )!
H 4irn(n+l) (n+ m )!
The orthogonality of the modal functions can be used tosmn
obtain any coeffic ien t, say Qs *n■ m■ • Tlie following property proved
in Appendix 3.1 is employed:
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I = —snm'—s'n'm1 sine de d* = T  Rs 'n 'V n 'm' 5ss' 6nn' ‘
3.2.5
Multiplying both sides of eq. 3.2.1 by G s «n«mi sinB and integrating 
over the entire sphere of measurements:
,2W
et-G s .n,m. sine de d<j>
= y Q_nm rLi Acnm
and by eq. 3.2.5
smn
K2
sn  sn
.277
G. *G-. . , sine de d<t> —snm —s n m  Y
n Rs 'n ‘ ^s'n'm'
re-establishing the old indices in the la st equation:
K2 f—  R Q n sn xsnm
277
77
^t(escj))-Gsnm sine de dcf>
o
3.2.6
3.3 Numerical Evaluation of the Modal Coefficients
In section 3.2 the coeffic ient Q$nm was put in the integral
form:
—  R Q n sn xsnm
277
_et(e,<)>)-G*nm sine de d^  3.3.1
This integral w ill be reduced now to a set of matrix operations 
suitable for d ig ita l machine computation.
F irs t ly  the measured tangential e lec tr ic  f ie ld  et(e,<j>) is  
expanded in a 2-dimensional Fourier Series (Appendix 3.2).
et(e,cf>) = I Eyv exp(jye) exp(jv4>) = 0±1, ±2.
yv
W
.3.2
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In order to perform the scalar product indicated in 3.3.1 i t  is  
necessary to express _E  ^ in its  vector components:
_ _ A _ AE = E ... e + E $—y v  i y v  — z y v  —
following the conventions of eq. 3.2.3 the la s t equation is  rewritten 
in the following convenient format:
E = E V + E V
—y v  —S y v  ~S - S + ly v  —S + l 3.3.3
where
s + 1 = 2 for s = 1 and V = e_ 
= 1 for s = 2 and = i
3.3.4
Functions Gsnm can also be expressed in a 2-dimensional Fourier Series, 
By eq. 3.2.2
*
—snmG = exp(- jm<f>)[A" V_ + (- l ) s B* V , 1yy l nm _s v 1 nm —s+iJ 3.3.5
By Appendix 3.3
Anm "  I  AnraC e x p ( -  ^ e >
Bnm = I  BnmC e x p ( '  J' c e >
3.3.6
where z, = 0, ±1 s ±2 ±n
Hence
-snm “ exP(“ I fAnmc —s +  ^ Bnmc —s+i  ^ exP(” j^0) 3»3.7
This la s t equation being the desired 2-dimensional Fourier expansion
k
for the functions  .—snm
Substitution of eqs. 3.3.2, 3.3.3 and 3.3.7 in eq. 3.3.1 y ie lds
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K2
n Rsn s^nm ^nmc Esyv + ^ Bnmz; Es+iirJfrvc £ iy v J
,2ir
exp(jv(j>) exp(- jmcj)) d<j> exp(jye) exp(  ^ j?e) sine de 3.3.8
by Appendix 3.4 the integral in <j> equals 2ir5vm whereas the integral 
in e equals Iyc, where:
IyC 55 0 for y - c odd / ±1
= (y-C)jir/2 for y - £ = ±1 
= 2/[1 - ( y - c ) 2 ] for y  - t; even or zero
Equation 3.3.8 now sim plifies to:
n Rsn ^snm “ 2ir £ tAnmc Esyv + (" D  Bnmc Es+lym^ *y£ 3 , 3 , 9
The last equation can be expressed in matrix form. Thus:
K2
n Rsn s^nm ^Sym] [Nnmy] + (“ D  EEs+iym^Mnmy^
where
\ m \ i  2w t Bnmc^
3.3.10
3.3.11
The fina l step in the calculation of Qsnm is  the computation 
of the spherical functions Rsn< These form the subject of Appendix 
3.5.
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At the far f ie ld , the electromagnetic vectors E and H are 
purely transvers. No radial components of these vectors ex ist, hence 
eq. 3.2.1 completely describes the e lectric  intensity E in that 
region. In contrast to the above, eq. 3.2.1 .only described part of 
the near f ie ld , that is  the tangential components Ee and E$.
Following these lines the far f ie ld  can be expressed as:
3.4 The Far Field Transformation
where the functions Rsn of eq. 3.2.1 have been replaced by RFgn and;
RF = Lim Ren sn snr->oo
Functions RFsn are dealt with in Appendix 3.5. They are e xp lic it ly  
stated here for the sake of convenience.
By eq. 3.2.2, 3.4.1 and 3.4.2
eF(e,cj)) = I [EFlm? + EF2m? £J exp(jmcj>) exp(jce) 3.4.3
2
3,4.1
where
and
EFimc ~ jj RFin ^inm Anmc + 2^nm Bnmc^  
BF2mc “ | RFm ^  i^nm Bnmc + J 2^nm \im^
3.4.4
Equation 3.4.3 expresses the far f ie ld  in a 2-dimensional Fourier 
expansion; coefficients EFlm  ^ and EF2m^  constitute the Fourier
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Transform of eF(e,<j>), thus the far f ie ld  eF(e,c|)) can be generated 
conveniently through the inverse 2-dimensional Fourier transform 
once the coefficients EFlm? and EF2m^  are known. The la tte r  can be 
computed by matrix operations.
Thus eq. 3.4.4 can be written as:
and
FFimc “ ^mm-H-RFin Anmc^  + J ^2nm^R^ m Bnm^
EF2mc “ " ^inm^RFm Bnm^  ^ + J ^2nrn^RFm Anm^
3.4.5
3.5 D irec tiv ity , Gain and Effic iency in Terms of Modal Coefficients
The d ire c t iv ity  of a transmitting antenna is  defined by the 
expression:
D = 4tt E2max
E2 (e,<f>) s in e  de d4>
3.5.1
The integral on the denominator of eq. 3.5.1 relates to the total 
power radiated. Hence by eq. 3.1.4 i t  is  possible to express D in 
terms of the modal functions. Thus:
n = (W n)E max
I IQ '2L » ~K
3.5.2
snm ‘snm1
The maximum fie ld  in tensity, Emav can be picked up in the course ofIHa A
the fa r f ie ld  processing by very simple routines.
Let the power input to the antenna be Pin, then effic iency is  
given by
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e Pin 3.5.3.
The antenna gain can then be found:
G = e D 3.5.4
3.6 The Effect of the Ground Plane
The effect of the conducting ground plane w ill now be examined 
in the lig h t of the theory developed in chapter 3 and Appendix 3.
In section 3.2 the tangential e le c tr ic  f ie ld  was expressed in 
the form
Examination of the terms in eq. 3.1.2 reveals that the index s = 1/2 
corresponds to transverse e le c tr ic  TE and .transverse magnetic TM 
waves respectively. In view of th is the terms of eq. 3.6.1 may be 
c lass ified  as:
use was made of eq. 3.2.2 and 3.2.3
The la st two expressions w ill now be used to formulate the 
effect of the ground plane.
By Appendix 3 the functions Anm and Bnm can be expressed in a series 
of trigonometric functions (harmonics).' Furthermore the type of 
harmonics involved w ill depend on the indices n and m.
<*(M) ■ IH  Qsnm Rsn £  s= I n m
3.6.1
E(TE) = Rln exp(jmj,){Anra | -  Bnm |} 3.6.2
E(™) s Rzn exp(jm<f)){Bnm _e + Anm $} 3.6.3
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Thus
and
A
nm is EH i f n is odd
OH i f n is even
EF i f m is odd
OF i f m is even
Bnm is EH i f n is even
OH i f n is odd
EF i f m is odd
OF i f m is even
3.6.4
3.6.5
where EH: denotes a function with even harmonics such as cos(2e), 
sin(2e) etc.
OH: denotes a function with odd harmonics such as sin(3e), 
cos(3e) etc.
OF: denotes a function containing odd trigonometric functions, 
that is  sin(e), sin(2e) etc.
EF: denotes a function containing even trigonometric functions, 
that is  cos(e), cos(2e) etc.
Considering the properties of the trigonometric functions sin 
and cos i t  is  easy to show that
sin(Ke) £'0 
COS( £ 0 )  / 0
for e = 7T
7
i f
K = 1, 3, 5 ,... 
£  = 0 ,  2 ,  4 , . . .
3.6.6
Hence by eqs. 3.6.4, 3.6.5 and 3.6.6 and for e = -Jf
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A = y cos(£e) / 0 or n, m odd
£even
A m = I sin(Ke) / 0 for n, m even 
nm K odd
that is
Anm  ^ 0 for 6 - -J i f  n + m even 3.6.7
s im ila rly
B = I cos(£6) / 0 for n even, m odd
£even
= I sin(Ke) / 0 for n odd, m even 
nm K odd
that is
13n m  / 0 for e = -J i f  n + m odd 3.6.8
By elementary f ie ld  theory, the e le ctr ic  component paralle l to a
m etallic (perfect) interface w ill be zero. That is
E<}> = 0 3.6.9
It follows that those waves in eq. 3.6.1 with non-vanishing
components E<j> at e = •£ (a ir to ground plane interface) w ill not
ex ist. By eq. 3.6.2 the transverse e lectric  waves contain a ij> 
component whose e dependence is  described by the function Bnm. The 
la tte r does not vanish at e = |  i f  n + in odd - see eq. 3.6.8 - hence 
no TE wave w ill ex ist for. n + m odd. S im ilarly the $ component of 
TM waves of eq. 3.6.3 is  described by the function Anm. Since the . 
la tte r has a non-zero value at e = |  for n + m even i t  follows that 
no TM wave w ill ex ist i f  n + m even.
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Summarizing
TE do not exist i f  n + m odd 
TM do not exist i f  n + m even
3.6.10
The same results could have been obtained had the magnetic vector H 
been considered. In the case of H however the boundary conditions 
dictate that
He = 0 3.6.11
Considering the non-vanishing terms of eqs. 3.6.2 and 3.6.3 i t  is  
easy to show that the tangential components Ee and E«j> for both TM 
and TE take the form:
Ee is  EH and EF i f  m odd
OH and OF i f  m even
3.6.12
E<j>.is OH and EF i f  m odd
EH and OF i f  m even
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CHAPTER 4 SNFF SOFTWARE
4.1 Software Description
The SNFF data processing consists of a number of essentia lly 
independent tasks such as the extraction of the modal coefficients, 
the calculation of the fa r - f ie ld  etc. In a given instance the 
number of these tasks required varies. For th is reason the soft­
ware has been arranged in a set of independent routines which may 
be overridden by means of various control parameters thus enabling 
the user to ta ilo r  the program to his specific  needs. The same set 
of parameters allows for the storage and re-use of certain funda­
mental functions thus economizing on computer time.
Besides these parameters the program requires further inform­
ation relating to the extent of the near f ie ld  data, the measure­
ment radius etc. Table 4.1 l is t s  a ll variables relating to this 
matter. The in it ia liz a t io n  of the set of variables described above 
forms the f i r s t  step carried out within the main body of the program, 
(see fig . 4.1).
Following th is preliminary phase, control, passes to various 
subroutines which generate the functions involved in the extraction 
of the modal coeffic ients and the fa r- f ie ld  transformation. Three 
control parameters, namely NOTAB, NOTIAB, NOTHA, allow the user to 
override the execution of the routines known as ABNM, IAB and HANKEL 
respectively, in which case the various functions created by a 
previous run are retrieved from a disk f i le .  Details of the various 
functions and the methods of computation are given in section 4.2 
and 4.3.
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Fig. 4,1 SNFF analysis flow diagram
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Next the 0 component of the measured near f ie ld  e le c tr ic  
intensity is  fed to subroutine FRR for a 2-DIM Fourier analysis. 
Subroutine FRR is  essentia lly.a 2-DIM implementation of the FFT 
(fast Fourier Transformation). In view of the symmetries of the 
near f ie ld  - discussed in Appendix 3 - which result from the 
presence of the groundplane, th is routine diverges from the standard 
FFT in a manner which economizes in necessary manipulations. I t is  
possible for instance to carry out the Discrete Fourier Transform 
with only half the number of complex multip lications and additions 
normally required, i f  the data is  lim ited to either even or odd 
harmonics alone. As shown in section 3.6, th is is  precisely the 
case with SNFF data. Subroutine FRR is  capable of performing data 
extrapolation as. discussed in Appendix 3.2 in order to provide the 
FFT algorithm with global information of the Field.
The output of subroutine FRR is  taken through the matrix 
operations of section 3.3. This stage involves the functions Nnmy
and Mnm^  relating to the Fourier expansions of the Legendre poly­
nomials. The last procedure is  repeated for the <f> component of the 
near f ie ld . At th is stage a ll matrix manipulations indicated in
eq. 3.3.10 are completed and the modal coefficients Q can be
^snm
extracted through a series of complex divisions - one for each 
coeffic ient - involving the radial functions R and R2n.
The modal coefficients are normalized against the variable CAL 
- see.table 4.1, squared and summed to provide the normalized 
radiated power.
Depending on the options selected,, program flow may halt or 
i t  may proceed with the generation of the fa r-f ie ld . This fina l
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PARAM. VALUES
NOTAB = 1 /0  '
NOTHA = 1 /0
NOTIAB= 1 /0
NOTFF = 1 /0
ACTION
READ FARTHETA AND FARPH I /C A L L  ABNM
READ FUNCTIONR1 ANT) FU N C T I0N R 2/C A LL  HANKEL 
READ NEARTHETA AND NEARPHI /C A L L  IA B  
STO P/G EN ERATE FA R  F IE L D
FURTHER PARAMETERS
PARM. D E F IN IT IO N TYPE
MAXN NO OF PO IN TS  IN  THETA ORDINATE INTEGER POWER OF 2
MAXM NO OF PO IN TS IN  P H I  ORDINATE INTEGER POWER OF 2
L IM IT N THE DEGREE OF THE H IGH EST MODE INTEGER . L E .1 5  .G E .2
L IM IT M THE ORDER OF THE H IG HEST  MODE INTEGER . L E .1 5  -G E .0
NBW THE H IGHEST NON ZERO THETA HARMONIC INTEGER ODD . L E .1 5 .
RAD IU S THE MEASUREMENT RAD IUS IN  W /LENGTHS DOUBLE PR EC . .G E . 0 .5
CAL C A LIB R A T IO N  FACTOR DOUBLE PR EC .
T a b le  4 . 1  D e f i n i t i o n  o f  c o n t r o l  p a r a m e te r s
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task is  carried out separately for the two f ie ld  polarizations. 
Either case involves the generation of the fa r-f ie ld  Fourier trans­
form followed by an inverse transformation to provide the desired 
fa r-f ie ld  data. The transform it s e lf  is  generated through a set of 
matrix operations involving the modal coefficients, the functions 
Anm and Bnm as well as the asymptotic radial functions RFln and RF2n 
according to eq. 3.4.4. F ina lly  subroutine FRR capable of perform­
ing an inverse 2-DIM Fourier transformation is  fed with the output 
of the matrix operations providing the desired fa r-f ie ld .
Besides the analysis program described above, the actual SNFF 
package includes further routines enabling graphical output of the 
3-DIM antenna patterns etc. No description of these routines is  
included, these being particu lar to the Prime system currently in 
use at the University of Surrey.
The main analysis program is  implemented in standard Fortran. 
It is  listed  in Appendix 4.
4.2 Computing the Radial Functions
Functions R and R2n are defined through
R = h(x)(kr) 4.2.1
R2n = w y ? ( i F y { ( k r )  h n 1) ( k r ) >  4 - 2 - 2
Several recurrent relations exist relating the function 
h(x)(kr) and its  d iffe ren tia l to functions of d ifferent index n.
The following two relations are perhaps.the most appropriate for
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numerical computation
h ^ (k r)  = (2n+3)(kr) "1 h^ j(kr) -h ^ (k r) 4.2.3
rounding error involved in the computation gives r ise  to inaccurate 
results. It is  preferable in general to start from the higher order 
functions and proceed towards lower values of n. The starting 
functions can be computed through power series expansions.
The number of functions necessary for the present work is very 
lim ited; no real benefit w ill be gained from the use of the composite 
techniques described above, thus the entire procedure w ill be based 
entire ly  on the power series expansions:
The function R2n can be computed through eq. 4.2.2 and 4.2.4; i t  is  
possible however to obtain R2n as a by-product of the procedure to 
compute Rln . For th is purpose the d ifferentia tion indicated in eq.
4.2.2 is  carried out term by term on eq. 4.2.5. The resulting 
expression becomes:
Rin = (*J)n+1 (kr)_1 exp(jkr) 4.2.5
where
4.2.6
R2n = (kr) ' 1 exp(Jkr) {Sj + j(k r)* 1 S,,} 4.2.7
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where
4.2.8
and S1 is  given by eq. 4.2.6.
Beginning with the f i r s t  term eq. 4.2.6 i t  is  possible to 
compute a ll the terms within the summation by a simple recursive 
procedure involving a m ultip lication of the previous term by the 
common ratio  given below
The terms in eq. 4.2.8 are q times those in eq. 4.2.6 so that l i t t l e  
extra e ffort is  needed to obtain S2. F inally the complex manipul­
ations indicated in eq. 4.2.5 and eq. 4.2.7 are performed to obtain 
the desired functions.
4.3 Computing the Fourier Expansions for A„m and B    nm nm
The functions Anm and Bnm relate to the Legendre polynomials 
Pjj(cose) through:
where
4.3.1
4.3.2
4.3.3
It is  assumed here that m is  always positive; the functions A and B 
for negative m can be computed through
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A(or B)m < 0 = - ( - l) m A(or-B)m > 0 4.3.4
In computing the Fourier expansion coefficients for Anm and Bnm i t
is  convenient to define the function F :nm
Fnm " n^m Pn^ cose^
Based on the corresponding recurrent relation of i t  is  easy to 
show that
Fn+zm 2 Cnm cos0 Fn+im " Cnm Fnm 4,3,5
where
fdfn+?)2- l  H n + n  I s
4.3.6C1 = • nm (4(n+2)2-4m2)(n+3)
and
Cnm = 1FZ {Cn/Cn -i} 4-3-7
Following the discussion of Appendix 3.3, the function P^(cose) and 
hence Fnm can be expanded in a complex Fourier series. Hence i t  is  
possible to write
Fnm “ Fnmk z 4.3.8
where z = exp(je)
In view of the last expression, eq. 4.3.5 becomes
mi 2  ^ n+1 b n i,
k=-n- 2  Fn+2mk Z ~ Cnm Z^+Z ^ k=-n-i Fn+lmk 2 " k=-n Fnmk * '
4.3.9
Use has been made of the relation cose = (z+z_1)/2.
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Hence starting with those functions with equal indices n,m i t  is
possible to compute the coeffic ients Fmk for a ll functions with
n > m using the last expression. The starting functions E can benm
expanded through
m m-1
J  _  Fnmk z " = Cn ,  I Fm- i m - i k  ^  4 ’ 3 - 10k=-m k=-m+i
where
C3 = j n J
(2n+l)(n-l) 
8n(n+l) 4.3.11
The entire algorithm begins from F10, F20 and Fn  given by
F !0 ■ / ^ ^ ( Z+Z' 1 ) 4 ' 3 - 12
F2 0 = (3z2+2+3z“2) 4.3.13
F n  = j  ( z ‘ z ' 1 ) 4 - 3 - 14
Functions F and F are needed for the recursive procedure with 
m = 0, whereas F^ is employed in the computation of the remaining 
functions with m > 0.
The expansions for Apm and Bnm are derivable from those 
corresponding to Fnm; using eq. 4.3.1 and following the conventions 
so far employed for Fnm, the expansions for Anm take the form
X / -  ' l  ■ 7^ 1 1 „ F» k l l
The polynomial d ivision implied by the la st expression can be carried 
out by simple additions.
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The computation of the expansions for Bnm involves only 
m ultip lication; performing the d ifferentiation indicated in eq.
4.3.2, on a term by term basis the following expression is  obtained:
kL ,  Bnmk 2 ~ Jj;_n ^  Fnmk 2 4.3.16
4.4 Testing SNFF software
As explained previously the overall package is  devoted to two 
main tasks namely the expansion of the input near-field into 
spherical modes and secondly given these modal expansions the 
generation of the fa r- f ie ld  d istribution . These two tasks are 
essentia lly independent, so that the sections of the software 
devoted to each one of them could be tested separately. Following, 
is  the detailed description of the two tests.
a) modal analysis
The a b il ity  of the program to expand a given near-field into 
it s  constituent modes was verified  on an a r t if ic ia l ly  synthesized 
near-fie ld d istribution . To fa c ilita te  this test a second auxiliary 
testing program was developed capable of generating the near-field 
d istribution of any single mode. The testing program is  based on the 
fundamental equations of section 3.1, the generation of the various 
functions was based however on considerably simpler procedures as 
compared to the SNFF program in order to avoid any errors. Where 
possible these functions were tested against standard mathematical 
tables.
- 44 -
Through the use of the above program the near-field d istribution 
corresponding to any given single mode could be generated and th is 
in turn could be fed to the SNFF program under test for the inverse 
process of modal decomposition to be carried out. The output of th is 
process of course should exactly correspond to a single mode, 
precisely the one excited by the auxiliary testing program. Table
4.4.1 l is t s  part of the modal output corresponding to th is test and 
which was based on the lowest DIPOLE MODE. The accuracy of the 
program is  evident since only the mode indexed 0,1 (e lectric  dipole 
mode) is  s ign ificant, the remaining modes being suppressed to many 
orders of magnitude. The entire procedure was repeated for several 
other modes, the results exhibiting the same degree of accuracy.
b) fa r-f ie ld  computation
The SNFF program was taken through a second phase of tests 
centred on its  a b il ity  to generate the correct fa r-f ie ld  data. This 
test is  based on the fact, that the modal TANGENTIAL near f ie ld  and 
the ENTIRE fa r-f ie ld  (the fa r - f ie ld  consists of tangenetial components 
only) exhibit identical dependence along the e and $ directions, the 
two fie ld s  (the tangential near-fie ld and the entire fa r-f ie ld ) 
d iffering in their radial dependence alone. This in turn implies 
that by making suitable adjustments to the radial functions involved 
in the generation of the fa r- f ie ld  one could use the section of the 
program devoted.to the la tte r in order to generate near-field data.
The near-field d istribution could then be fed back to the f i r s t  
section of the SNFF program, responsible for the modal decomposition, 
and the resulting modal output could be compared against the modal 
input of the fa r-f ie ld  section of the program under test. That is  to
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RL(Q) IM(Q) N
-.163E  03 0.489E 03 1
0.000E 00 0.000E 00 2
0 . 146e 00 0.188E-01 3
0.000E 00 0.000E 00 4
0.966E-01 -.375E -01 5
0.000E 00 0.000E 00 6
0.410E-01 -.808E -01 7
0.000E 00 0.000E 00 8
- . 122E 00 -.219E  00 9
0.000E 00 0.000E 00 10
0.134E-11 0.541E-12 1
- .1 3 8 E -U -.408E -12 1
0.226E -12 -.967E -12 2
0.130E -12 -.984E -12 2
-.987E -13 0.525E -14 3
0.978E -13 -.149E -13 3
0.943E -13 0.106E-12 4
0.104E -12 0.966E -13 4
0.299E -13 -.4 0 7 E -1 4 5
-.2 9 4 E -1 3 0.698E -14 5
0.980E -13 -.621E -13 6
0.915E -13 - . 714E-13 6
0.170E -13 O.347E-13 7
-.2 0 4 E -1 3 -.328E -13 7
0.140E -12 -.204E -12 8
0.119E -12 - .21?E-12 8
0.958E -14 0.518E -14 9
-.1 0 0 E -1 3 - .422E-14 9
-.6 9 9 E -1 3 -.947E -13 10
-.788E -13 -.873E -13 10
M
0
0
0
0
0
0
0
0
0
0
NOTE: The f i r s t  TM mode indexed  n^=0, n=i i s  seen  to  dom inate by a t  l e a s t  
4 orders o f  magnitude over  th e  rem aining modes.
Table 4.4.1 Testing the SNFF software on near-field analysis
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say the a b il ity  of the SNFF program to generate the correct fa r-f ie ld  
d istibution could be inferred from its  a b ility  to analyse the near­
f ie ld ; the la tte r was verified  in section a) above. Table 4.4.2 
l is t s  part of the modal input and output corresponding to one such 
test and which was based on the modes indexed n = 1 and m = ± 1. It 
is  evident that the accuracy is  good since a ll unwanted entries of 
the.modal output are below 4 orders of magnitude as compared to the 
dominant-modes n = 1, m = ± 1. .
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MODAL IN PU T
EL(Q) IM(Q) N M
0.407E 02 0.408E 02 1
0.407E 02 0.408E 02 1 -1
0.000E 00 O.OOOE 00 2
- . 000E 00 -.OOOE 00 2 -1
0.000E 00 O.OOOE 00 3
0.000E 00 O.OOOE 00 3 -1
- . 000E 00 O.OOOE 00 4
0.000E 00 -.OOOE 00 4 -1
O.OOOE 00 O.OOOE 00 5
0.000E 00 O.OOOE 00 5 -1
- . OOOE 00 -.OOOE 00 6
O.OOOE 00 O.OOOE 00 6 -1
-.OOOE 00 O.OOOE 00 7
-.OOOE 00 O.OOOE 00 7 -1
O.OOOE 00 O.OOOE 00 8
-.OOOE 00 -.OOOE 00 8 -1
-.OOOE 00 -.OOOE 00 9
-.OOOE 00 -.OOOE 00 9 -1
-.OOOE 00 O.OOOE 00 10
O.OOOE 00 -.OOOE 00 10 -1
MODAL OUTPUT
RL(Q) IM(Q) N M
0.40?E 02 0.408E 02 1 1
0.40?E 02 0.408E 02 1 -1
0.800E -02 0.263E -03 2 1
- . 800E-02 -.263E -03 2 -1
0.274E -02 0.127E -02 3 1
0 .274E -02 0.127E -02 3 - 1
- .5 2 3 E -0 2 0.466E -02 4  1
0.523E -02 -.4 6 6 E -0 2  ' 4  -1
0.527E -02 0.521E -02 5 1
0.527E -02 0.521E -02 5
-.1 1 9 E -0 2 -.323E -02 6 1
0.119E -02 0.323E -02 6 _1
-.1 7 4 E -0 2 0.688E -02 7 1
-.1 7 4 E -0 2 0.688E -02 7 - i
0 .U 5 E -0 2 0.822E -03 8 1
-.1 1 5 E -0 2 - . 822E-03 8 -1
-.1 9 0 E -0 2 -.125E -02 9 1
-.1 9 0 E -0 2 -.125E -02 9 - i
- .9 0 2 E -0 3 O.638E-O3 10 1
0.902E -03 - . 638E-O3 10 - 1
T a b le  4 . 4 . 2  T e s t in g  t h e  SN FF  s o f t w a r e  on  f a r - f i e l d  s y n t h e s i s
CHAPTER 5 EXPERIMENTAL FACILITY
5.1 General Description of. the F a c ility
The experimental fa c i l i t y  is  devoted to the measurement of the 
near f ie ld  around the body-antenna system under test. For th is 
purpose the fa c i l i t y . is  required to:
a) scan a small probe antenna over the upper hemisphere surrounding 
the test system,
b) make measurements of the phase and amplitude of the probe's 
output signal at regular and accurately known angular intervals 
over the entire hemisphere,
c) carry out parts a) and b) for both polarizations of the near 
f ie ld  e lectric  intensity,
d) transfer the data to a large main-frame computer for the purpose 
of the SNFF analysis.
Furthermore, on account of the complexity of the experimental 
procedure, the large data volume, and the extensive instrumentation 
involved, i t  is  absolutely necessary that the fa c i l i t y  should be 
under computer control including checking and testing for instruments' 
fa ilu re .
The fa c i l i t y  comprises a spherical scanner together with the 
necessary control and signal processing apparatus. Fig. 5.1 
illu s tra te s  the basic layout. The antenna-body system under test is  
held on a rotating platform, the angular position of the la tte r 
corresponding to the <f> ordinate of the orthogonal spherical r> 0, <j>
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system; the centre of the platform is  the origin of co-ordinates.
The e lec tr ic  f ie ld  is  sampled by a small probe which is  scanned 
along a c ircu la r arc lying in a vertical plane passing through the 
orig in , and centred on the same point. Hence the distance of the 
probe to the centre of the platform R, is  the r co-ordinate.
Obviously, the probe's elevation angle corresponds to the 0 ordinate.
Conventionally, SNFF measurements extend over the entire sphere 
defined by r = R (R is  the constant distance from the origin to the 
centre of the probe). In its  present implementation, the near f ie ld  
measurement is  carried out over a conducting groundplane obviating 
the need for scanning the measuring probe antenna over the lower 
hemisphere. More e x p lic it ly , sixteen measurements are taken along 
each elevation arc, the exact positions being defined by:
0 - 0, a, 2a, 3 a    15a 5.1.1
where a = (ir/2)/16
The remaining samples, from e = 16a (corresponding to the 
surface of the groundplane) to 0 = 33a are generated by extrapolation 
in a manner described in Appendix 3.2. The method of extrapolation 
is  based on the theory of section 3.6, and i t  remains exact so long 
as the groundplane is  a perfect conductor.
Each c ircu la r arc in c|> is  sampled at sixty-four uniformly spaced 
points whose position is  defined by
= 0, 3, 23, ...... 643 5.1.2
where $ = (2ir)/64.
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Fig. 5.1 The experimental SNFF facility
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The entire volume of data for each polarization amounts to 
16 * 64 = 1024 sets of two readings (amplitude and phase), a number 
in excess of that dictated.by the crite rion  of section 2.2.
Once in it ia ted  the. experiment proceeds under the sole control 
of a CBM microcomputer. Besides, indexing the mechanisms which 
control the 0 and <j> movements,-the computer monitors the instruments 
in the RF and data acquisition sections as well as the routing of 
data to a main frame computer. The la tte r carries out the required 
data processing in a.variety of output formats eq. three dimensional 
pattern plots etc.
Each experiment is  preceded by a brie f test on the hardware. 
Should the fa c i l i t y  f a i l  to respond or should any. malfunction occur 
the entire procedure halts with the CBM contro ller issuing suitable 
fau lt diagnostics. Usually.the system w ill be operational and the CBM 
w ill proceed by in it ia liz in g  the positioners to e = 15a (see equation 
5.1.1) and <j> = 0. I t w ill then carry out the entire sampling 
procedure, positioning the antennas, interrogating the data acquisit­
ion system and storing the amplitude and phase of the e lec tr ic  f ie ld .
Upon completion of an entire scan the CBM halts. It waits 
un til the human operator., rotates the probe antenna through 90° for 
the second polarization measurement. A restart signal, issued by 
the operator through a remote control unit, is  sensed by the controller 
which then repeats the previous procedure once again.. With this 
second phase of measurement completed, the CBM restores the mechanical 
scanner to its  rest position.
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The antenna section of the fa c i l it y  is  situated outdoors on 
the roof of the building housing.the SNFF laboratory which is  one of 
the ta lle s t  in the University arid .chosen because of it s  open aspect.
A good fraction, of the roof is  covered by a wire-mesh ground plane 
which is  supported by a strong wooden frame. The ground plane is  of 
square cross-section measuring 8 x 8  metres.
5.2 Antenna Scanner
The antenna scanner consists of two independent units, one 
implementing the e and the other the <f> movement. They are referred 
to as the e and <f> mechanisms. respectively.
The e mechanism involves a 3 metre long p lastic  arm bearing the 
probe antenna.and able, to rotate through 0° < e < 90°, with a minimum 
of unwanted deflection.
Though, the range of 9 as dictated by the r, e, <j> system extends 
from 0° to 180°, the presence of the ground plane as explained in 
section 5.1 lim its  the necessary scanning angle to.the range 
0°  ^ 0 < 90°. The p lastic  composition of the arm ensures a minimum 
of interference in the test antenna's electromagnetic f ie ld . The arm 
is  set in motion by a combination of a stepper motor and a gear-box.
As the f i r s t  moment of the arm about the axis of rotation is  consider­
able, a counter weight is  employed to relax the output gear of the 
gear-box. This inevitably huge counter weight is  held below the 
ground plane. The entire 0 , mechanism is  positioned close to the 
rotating platform, with the arm's axis of rotation held horizontal, 
passing through the centre of the rotating platform. So positioned
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the mechanism scans the probe along the correct track as is  demanded 
by the spherical scanning technique.
The mechanism consists o f a horizontal rotating platform 
large enough to carry a person holding a portable radio. The p lat­
form is  made of aluminium a lloy  ensuring continuity of the ground 
plane. It is  held at the height of the ground plane and its  
origin corresponds to the.orig in of the r, e9 <j> system. The platform 
is  supported on a set of precision ball bearings which ensure an almost 
fric tion less motion around the vertica l axis passing through the 
centre of the platform. The <j> motion is  activated by a stepper 
motor and a suitable combination of dividing pulleys.
5.3 Control Hardware
The control section of the SNFF fa c i l i t y  is  illu stra ted  in the 
block diagram of figure 5.3. I t consists of two translator units one 
for each stepper motor, two incremental encoders and.their associated 
interface,, a preset indexer and f in a lly  a remote control unit. These 
units are described in the following lines. The c ircu it  diagrams 
are included in Appendix 5.
Translator Units
A translator unit is  generally a device which accepts d ig ita l 
pulses, producing a suitable sequence of current waveforms for the 
correct operation of stepping motors. Usually these devices function 
by advancing the stepper motor by one or half a step per input pulse. 
The present units are b u ilt  from a combination of TTL log ic and power 
Darlingtons. They are capable of handling up to 400 VA of net input
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power. As a stepper motor functions better in the half step per 
input pulse mode both units are b u ilt on th is princip le. However, 
the unit powering the elevation motor is  a bipolar device, providing 
the higher power demanded by the elevation mechanism. In addition 
to the pulse input each unit incorporates.a further control line which 
determines the direction of rotation. Two dc supplies have been bu ilt 
to power the translator units providing an unregulated supply of 
35V x 14A for the elevation motor and 25V x 10A for the azimuthal 
motor.
Preset Indexer
The preset indexer is  a fu lly  programmable device, which is  
loaded by a series of computer generated numbers to provide the 
correct stream of d ig ita l pulses for the two translator units 
described above. To ensure proper operation of stepper motors, i t  
is  necessary to increase the ir speed gradually, maintain a steady 
state speed below a maximum depending on the motor and load character­
is t ic s  as well as the translator un it, and f in a lly  decrease the speed 
gradually to s tand still. Failure to f u l f i l  these requirements w ill 
resu lt in the motor losing steps or even coming abruptly to stand­
s t i l l .
The proper motor operation is  ensured by the preset indexer.
The PET microcomputer acting as the .system contro ller, loads the 
preset indexer with acceleration/deceleration rates, steady state 
speed, total number of steps, direction of rotation and channel 
number; (up to three motors can be driven by the instrument, one at 
a time). The preset indexer upon sensing a trigger signal issued by
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the contro ller, w ill drive the selected motor by a.stream of pulses 
whose frequency increases gradually at the prescribed acceleration 
rate, i t  w ill bring the frequency to it s  steady state value, 
corresponding to the preprogrammed steady state speed, and i t  w ill 
f in a lly  decrease the frequency to zero, so that the total number of 
pulses issued equals the preprogrammed to ta l.number ofr steps. The 
device does not allow for independent contro l.of acceleration and 
deceleration rates hence these cycles take equal time to complete.
As in general i t  is  possible that the total number of steps 
issued during the acceleration and deceleration periods alone equals 
the preprogrammed number, of steps, the preset indexer w ill auto­
matically decelerate the motors before steady state speed is  ever 
reached, thus maintaining the correct total number of steps without 
any abrupt changes in speed which would otherwise occur.
The heart of the instrument is  a programmable frequency synthe­
s izer based on the CMOS CD4046B phase locked loop.(PLL). A quartz 
crystal o sc illa to r provides the reference to the PLL, so that the 
output frequency is  held within close tolerances. The control logic 
of the instrument a lters the speed of the PLL at regular intervals of 
time, at a rate corresponding to the preprogrammed acceleration/ 
deceleration. Counting stages are incorporated counting the total 
number of steps issued by the PLL. and terminating the cycle at the 
preprogrammed total number.of steps. At th is moment the control 
log ic issues a 'done* signal.to  the PET. A further look ahead 
c ircu it  checks for the p o ss ib ility  of deceleration before reaching 
.steady state speed.
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The unit is  b u ilt mostly of CMOS devices, however a few TTL 
c ircu its  were employed to drive the re la tive ly  long lines connecting 
the instrument to the translator units.
The preset indexer is..connected to the PET via the "USER PORT". 
Encoders
Encoders were designed, b u ilt  and incorporated into the system 
in order to boost the positional accuracy of the e and $ mechanisms to 
some adequate degree. Each unit consists of a metallic disc bearing 
an accurately defined pattern of holes. The disc rotates within the 
poles of a horseshoe transducer, the la tte r providing support to a 
set of phototransistor/photodiode.pairs. These devices together with 
the ir associated counting stages read the pattern of holes producing 
a unique code for every one of 128 angular positions of the disc.
The codes are transmitted to the PET through the interface described 
below.
Encoders Interface
The encoders interface resides on the IEEE 488 'General Purpose 
Interface Bus' (GPIB), and transmits to PET the codes generated by 
the Encoders. As far as the GPIB is  concerned, the encoder's in ter­
face functions as a 'Ta lker', able to transmit the data (position) to 
the system contro ller in response to a special command issued by the 
la tte r.
Remote Control Unit
The remote control unit enables the human operator to control 
the flow of the measurement procedure, from a remote position,
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g e n e r a l l y  th e  r o o f  o f  th e  b u i l d i n g  where the antennas s ta n d .  Through  
t h i s  u n i t  th e  o p e r a to r  may i s s u e  such commands as system  r e s e t ,  
r e s t a r t  ( in  th e  case  o f  the  second p o l a r i z a t i o n  measurement) h a l t  e t c .
C o n v e rs e ly  the  PET uses th e  same u n i t  to  warn th e  o p e r a to r  o f  
system m a l fu n c t io n  w hich may o c c u r  in  the  co u rse  o f  th e  n e a r  f i e l d  
measurement p ro c e d u re .
Data to  and from t h i s  d e v ic e  a re  t r a n s f e r r e d  to  th e  PET v ia  
the encoders  i n t e r f a c e .
5 .4  Data. A c q u i s i t i o n  System
The data  a c q u i s i t i o n  s e c t io n  i s  based on th e  SOLARTRON 7060 
Programmable DMM. T h i s  in s t ru m e n t  i s  f u l l y  c o m p a t ib le  w ith  th e  IEEE 
488 i n t e r f a c e  bus. I t  i s  c a p a b le  o f  a c h ie v in g  up to  266 re a d in g s /  
second a t  3 d i g i t s  r e s o l u t i o n ,  a f i g u r e  in  excess to  t h a t  demanded 
by th e  r a t h e r  s lu g g i s h  data  exchange o f  SNFF.
As the  network a n a l y s e r ,  f i g u r e  5 .1 ,  p ro v id e s  two o u tp u ts  (phase and
magnitude) a m u l t i p l e x e r  was b u i l t  which d i r e c t s  e i t h e r  o u tp u t  to  th e  
s i n g l e  in p u t  o f  th e  7060.
The m u l t ip le x e r  i s  c o m p a t ib le  w ith  th e  IEEE 488 GPIB, where i t  
n o rm a lly  r e s i d e s .  I t  can be programmed by th e  PET c o n t r o l l e r  to  
e i t h e r  o f  two p o s s i b l e  o p e r a t in g  modes. The f i r s t  mode i s  r a t h e r  
s im p le  in  i t s  f u n c t i o n i n g ;  th e  c o n t r o l l e r  a dd resses  th e  m u l t ip le x e r  
through the GPIB e v e ry  t im e  a new channel i s  d e s i r e d .  T h i s  mode i s  
v e ry  f l e x i b l e  s i n c e  th e  e x a c t  sequence o f  c l o s in g  th e  m u l t i p l e x e r  
ch annels  i s  determ ined  b y . t h e  PET , however i t  tends to  s low  down th e
measurement p ro c e s s  as e v e ry  re a d in g  in v o lv e s  one a d d r e s s in g .  The
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second o p e r a t in g  mode i s  f u l l y  a u to m a t ic ,  and a lthough  not as f l e x i b l e ,  
i t  a c h ie v e s  the u l t i m a t e . i n  speed. The c o n t r o l l e r  add resses  the  
d e v ic e  o n ly  once d u r in g  t h i s . s e c o n d  mode, hence the enormous s a v in g  
i n  t im e . During t h i s  a d d r e s s in g  the  m u l t ip le x e r  i s  f i r s t l y  i n i t i a l ­
iz e d  so t h a t  any channel ( e ig h t  ch an n e ls  in  a l l )  can be on i n i t i a l l y ,  
and i t  i s  then loaded  w ith  one p a r t i c u l a r  code, co rre sp o n d in g  to  the  
IEEE 488 address o f  any in s tru m e n t  connected  to  the GPIB. T h is  
in s t ru m e n t  w i l l  be r e f e r r e d  to  as th e  t r i g g e r  so u rce .  The m u l t i ­
p le x e r  proceeds by s w itc h in g  to  a new channel e ve ry  tim e i t  d e te c ts  
an exchange o f  data  between the  c o n t r o l l e r  and th e  t r i g g e r  s o u rc e ,  
t h i s  exchange i n v a r i a b l y  ta k in g  p la c e  on the GPIB. In th e  p re s e n t  
system , the  7060 DVM p la y s  th e  r o l e  o f  the t r i g g e r  s o u rc e .  The 
m u lt ip le x e r  i s  i n i t i a l i z e d  to  i t s  f i r s t  ch a n n e l ,  so t h a t  th e  am p litu d e  
o u tp u t  o f  the  network a n a ly z e r  i s  brought a t  the in p u t  o f  th e  DVM.
I f  now th e  c o n t r o l l e r  in t e r r o g a t e s  the  DVM, f o r  the  am p litu de  r e a d in g ,  
upon co m plet io n  o f  the  r e s u l t i n g  data exchange, the  m u l t ip le x e r  
s w itc h e s  a u t o m a t i c a l l y  to  i t s  second c h a n n e l ,  e f f e c t i v e l y  c o n n e ct in g  
th e  phase o u tpu t o f  th e  network a n a ly z e r ,  to  the  DVM in p u t .  I f  th e  
c o n t r o l l e r  in t e r r o g a t e s  th e  DVM f o r  th e  phase re a d in g ,  upon i t s  
c o m p le t io n ,  the m u l t i p l e x e r  w i l l  sw itc h  back to  channel one , p re p a r ­
in g  the  system f o r  a new a m p litu d e  re a d in g .  T h is  p ro cess  i s  rep ea ted  
i n d e f i n i t e l y  u n le s s  the  d e v ic e  i s  reprogrammed.
5 .5  R .F .  S e c t io n
F ig u r e  5 .5  i l l u s t r a t e s  the  r a d io  fre q u e n cy  s e c t io n  o f  th e  SNFF 
f a c i l i t y .  Two s i g n a l s ,  one o r i g i n a t i n g  from th e  r a d io  u n i t ,  the  
o th e r  from  the  probe antenna a re  fed  to  the H .P .  8754A network  
a n a ly z e r  to  y i e l d  th e  a m p li tu d e  and phase s i g n a ls  in  a manner 
e x p la in e d  in  p re v io u s  c h a p t e r s .  The s ig n a l  taken from th e  r a d io
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u n i t  i s  p r o p o r t io n a l  to  the  wave emerging from th e  r a d i o ' s  own 
antenn a . I t  i s  t r a n s m it t e d  to  th e  m easuring  equipment v i a  a la s e r /  
o p t i c a l  f i b r e  l i n k  th us  a v o id in g  th e  d is t u r b a n c e  to  the  e l e c t r o ­
m ag n etic  f i e l d  o f  th e  t e s t  antenna which would n o r m a lly  o c c u r  w ith  
o r d in a r y  c o n d u c t iv e  c a b l e s .  The d e s c r i p t i o n  o f  th e  l a s e r  l i n k  and 
i t s  a s s o c ia t e d  c i r c u i t r y  w i l l  be found in  c h a p te r  6.
The second s ig n a l  fe d  to  th e  v e c t o r  v o l tm e te r  o r i g i n a t e s  from  
th e  probe an ten n a , and i s  t r a n s m it te d  through a f i n e  gauge c o - a x ia l  
c a b l e .
The probe antenna i s  b a s i c a l l y  a x/8 tuned d ip o l e  antenna made 
o f  co p p e r  p la te d  s t e e l .  I t  i s  con nected  to  the  c o a x ia l  c a b l e ,  through  
a q u a r t e r  w avelength SPLIT  TUBE balun/im pedance t r a n s f o r m e r .  The 
b a lu n ,  made o f  an a c c u r a t e l y  s l o t t e d  h igh  q u a l i t y  s e m i - r i g i d  c a b le ,  
e n su re s  an e f f i c i e n t  b a la n c e  to  un ba lance  t r a s f o r m a t io n ,  thus m in i­
m iz in g  th e  e f f e c t  o f  th e  f e e d in g  c o a x ia l  c a b le .  The same d e v ic e  
t ra n s fo rm s  the impedance o f  th e  fe e d in g  c a b le  (50 ohms) to  a high  
l e v e l  (200 ohms) im p ro v in g  th e  immunity o f  th e  system a g a in s t  the  
v a r i a t i o n  in  th e  low impedance o f  th e  tuned d ip o l e  probe brought  
about by i t s  ch ang ing  p o s i t i o n  r e l a t i v e  to  the c o n d u c t iv e  groundp lane.
5 .6  T e s t in g  th e  E x p e r im e n ta l  F a c i l i t y
The e x p e r im e n ta l  SNFF f a c i l i t y  was te s te d  w ith  a s e r i e s  o f  
e x per im en ts  based on a antenna o f  known r a d i a t i o n  p a t t e r n .  Through­
o u t  th e se  e xper im en ts  th e  a l t e r n a t i v e  r . f .  t e s t  c o n f i g u r a t i o n  o f  
f i g .  5 .6 .1  was em ployed. The t e s t  s ig n a l  167.194 MHz was p ro v ided  
by a s t a b le  benchtop  g e n e r a t o r  o b v ia t in g  th e  need to  m o d ify  the  
p o r t a b le  r a d io ;  th e  l a t t e r  hav in g  been d es ig n ed  to  make co n n e ct io n s
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w ith  p o r ta b le  a n te n n as ,  rem ains in c o m p a t ib le  w ith  s ta n d a rd  r . f .  
c o n n e c to rs .
Because the  t e s t  antenn a-probe  i n s e r t i o n  l o s s  i s  h ig h ,  a 
power a m p l i f i e r  was employed b o o st in g  th e  o u tp u t  o f  the  g e n e r a to r  
to  1 w a tt .  A t  t h i s  s ta ge  a d i r e c t i o n a l  c o u p le r  was in t ro d u c e d  to  
p ro v id e  the network a n a ly z e r  w ith  the r e f e r e n c e  s ig n a l  e s s e n t ia l  to  
v e c t o r  measurements. Adjustm ent to  th e  r e f e r e n c e  l e v e l  c o u ld  be made 
v ia  a v a r i a b l e  a t t e n u a t o r  so as to  m a in ta in  th e  o p e r a t io n  w i t h in  th e  
most a c c u r a t e  range o f  the network a n a ly z e r .  With r e s p e c t  to  phase  
measurements the network a n a ly s e r  i s  l e a s t  a c c u r a t e  when i t s  two 
in p u t  s i g n a ls  -  the re f e r e n c e  and o u tp u t  s ig n a l  from  th e  probe -  a re  
in  a n t ip h a s e .  By in c o r p o r a t in g  a p ie c e  o f  c a b le  o f  a p p r o p r ia t e  le n g th  
w ith in  th e  r e f e r e n c e  s e c t i o n ,  o p e r a t io n  co u ld  be pushed away from  
t h i s  c o n d i t io n .
A le n g th  o f  h igh  q u a l i t y  c o a x ia l  c a b le  made c o n n e c t io n  to  the  
r o t a t in g  p la t fo r m .  I t  was c o i l e d  o ve r  a few tu rn s  so as to  take  th e  
a n g u la r  d is p la c e m e n t  o f  360° w ith o u t  any n o t i c e a b le  v a r i a t i o n  in  i t s  
t r a n s m is s io n  p r o p e r t i e s .  J u s t  below th e  c e n t r e  o f  th e  p la t f o r m  an 
i n - l i n e  module p ro v id e d  housing  f o r  the  m atch ing components o f  the  
t e s t  antenna.
G re at  c a re  was taken to  ensure  c o n t i n u i t y  between th e  r o t a t i n g  
p la t fo r m  and th e  rem ainder o f  th e  g ro u n d -p la n e .  T h is  was done by th e  
use o f  m e t a l l i c  f i n g e r s .  C l o s e l y  spaced around th e  p la t f o r m  p e r ip h e r y  
the f i n g e r s  can tu rn  a g a in s t  a s u i t a b l y  p repared  m e t a l l i n g  r i n g  which  
in  tu rn  makes c o n n e c t io n  to  th e  w ire-m esh .
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F o l lo w in g  a re  th e  two t e s t  ca s e s  co m p r is in g  the  p re s e n t  t e s t  
program. Both o f  th e se  ca se s  a re  based on a sm all monopole antenna.
5 .6 .1  V e r t i c a l  m onopole, no c o r r e c t i o n
The monopole, m easuring  115 mm (0.064A) * 1 .6  mm, was 
su pported  a t  the  c e n t r e  o f  th e  r o t a t i n g  p la t fo r m .  I t  was matched to  
i t s  50 ohms f e e d e r  by means o f  an L - s e c t i o n  s e r i e s  in d u c t o r  p a r a l l e l  
c a p a c i t o r  netw ork. The m atch ing  components were h e ld  below the  
r o t a t in g  p la t fo r m  -  see f i g .  5 .6 .1  -  w ith  the  monopole a lo n e  p r o t r u d ­
ing  o ve r  th e  az im u th a l p la n e .  An e n t i r e  SNFF measurement was performed  
fo l lo w e d  by modal d e c o m p o s it io n .  The r e s u l t s  a re  in c lu d e d  in  T a b le
5 . 6 . 1 .
T h e o r e t i c a l l y  the  modal c o n te n t  o f  a s h o r t  monopole antenna i s  
s u b s t a n t i a l l y  c o n f in e d  to  the  f i r s t  TM mode indexed N = 1 , M = 0; 
t h i s  p a r t i c u l a r  mode i s  th e  l a r g e s t  e n t r y  w i th in  T a b le  5 .6 .1  and 
accou n ts  f o r  98.4% o f  th e  o v e r a l l  power r a d ia t e d  by the  antenna  
(power i s  p r o p o r t io n a l  to  th e  square  o f  th e  modal e n t ry  w i th in  T a b le  
5 . 6 . 1 ) .
5 .6 .2  V e r t i c a l  monopole w ith  probe impedance c o r r e c t io n
The c o r r e c t i o n  d e a l t  w ith  here  i s  concerned w ith  the  e f f e c t  o f  
th e  probe impedance v a r i a t i o n  r e s u l t i n g  from th e  changing p o s i t io n  
and o r i e n t a t i o n  o f  th e  probe antenna r e l a t i v e  to  th e  groun dp lan e;  
d e t a i l s  o f  t h i s  e f f e c t  a re  p re s e n te d  in  s e c t io n  5 .7 . 1 .
The ex p e r im e n ta l  p ro ce d u re  adopted  in  the p re v io u s  s e c t io n  was 
m o d if ie d  in  th e  c o u rs e  o f  t h i s  e xper im en t by th e  a d d i t io n  o f  
s im u lta n e ou s  measurements made on th e  r e f l e c t i o n  c o e f f i c i e n t  a t  the
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E N T R IE S  CORRESPOND TO Q ^  C O E F F IC IE N T S  IN  EQ . 3 . 1 . 1
M -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6
N
1 0.,000 0.,547 0.,000
2 0. 000 0.,000 0..029 0.,000 0..001
3 0.,000 0. 000 0.,000 0,.046 0.,000 0.,000 0.,000
4 0..000 0.,000 0. 000 0.,000 0..007 0,.000 0..000 0.,000 0.,000
5 0..000 0..000 0..000 0. 000 0.,000 0..031 0..000 0.,000 0.,000 0..000 0.,000
6 0..001 0..000 0..000 0..000 0. 000 0..000 0.,012 0..000 0..000 0..000 0.,000 0.,000 0.,000
7 0..001 0..000 0..000 0..000 0. 000 0,.000 0..007 0..000 0..001 0.,000 0..000 0..000 0..000
8 0..000 0..000 0,.000 0..000 0. 000 0..000 0..006 0.,000 0..000 0..000 0..000 0..000 0..000
9 0,.001 0..000 0..000 0..000 0. 000 0..000 0..013 0..000 0..001 0..000 0..000 0..000 0..000
10 0,.000 0..000 0,.000 0..000 0. 000 0..000 0,.002 0..000 0 .000 0,.000 0..000 0..000 0.,000
I c t b le  5 * 6 . 1  M o d a l o u t p u t  f o r  v e r t i c a l  m o n o p o le  w it h o u t  c o r r e c t i o n
E N T R IE S  CORRESPOND TO Q ^  C O E FF IC IE N T S  IN  EQ . 3 . 1 . 1
M -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6
N
1 0.,000 0. 994 0.,000
2 0.,000 0.,000 0. 054 0.,001 0. 001
3 0.,000 0.,000 0..000 0. 064 0.,000 0.,001 0.,001
4 0.,001 0.,000 0..000 0..000 0. 013 0..001 0.,001 0.,000 0.,000
5 0.,001 0.,000 0.,000 0..000 0..000 0. 050 0..000 0.,001 0..000 0.,001 0.,000
6 0,.001 0,.000 0.,000 0.,000 0..000 0..000 0. 022 0.,001 0..000 0.,001 0.,000 0..001 0.,001
7 0..001 0,,000 0,,001 0.,000 0..000 0..000 0. 032 0..000 0.,001 0..000 0.,001 0..000 0.,000
8 0.,001 0..000 0..000 0..000 0..000 0.,000 0. 012 0..000 0..000 0.,000 0..000 0.,001 0..000
9 0..001 0..000 0.,001 0..000 0 ,.001 0..000 0. 009 0,.000 0..001 0..000 0..000 0.,000 0.,001
10 0..000 0,.000 0..000 0..000 0 ,.000 0 ,.000 0. 003 0 ,.000 0..000 0..000 0,,000 0,.000 0..000
T a b le  5  *-2* M o d a l o u t p u t  f o r  v e r t i c a l . ,  m o n o p o le  w i t h  p ro b e  im p e d a n ce
c o r r e c t i o n
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in p u t  p o r t  o f  the probe an ten n a . On co m plet in g  t h i s  measurement, 
the normal SNFF near f i e l d  d ata  was c o r r e c t e d  u s in g  a f a c t o r  d e r i v ­
a b le  from th e  measured r e f l e c t i o n  c o e f f i c i e n t .  The modal expan sion  
c o r re sp o n d in g  to  the c o r r e c t e d  near f i e l d  o f  the monopole antenna  
o f  s e c t io n  5 .6 .1  i s  p re s e n te d  in  T a b le  5 . 6 . 2 .  I t  i s  e v id e n t  th a t  
some r e d u c t io n  in  th e  a m p li tu d e  o f  th e  unwanted modes i s  r e a l i z a b l e ,  
and the dominant TM mode, ( in d e x e d  N = 1, M.= 0 ) ,  i s  now r e s p o n s ib le  
f o r  98.8% o f  th e  o v e r a l l  r a d ia t e d  power. Compared to  th e  98.4% 
f i g u r e  o f  the  u n c o r r e c t e d .d a t a  and T a b le  5 .6 .1  the  p r e s e n t  case  
e x h i b i t s  a r e d u c t io n  o f  th e  unwanted modes by 0.4% in  a nominal o f  
1 .2%.
Examining th e  n o n -ze ro  e n t r i e s  o f  T a b le  5 . 6 . 2 ,  i t  can be seen  
th a t  0.4% o f  the  power p ro p ag a te s  a lo n g  modes b e a r in g  even in d e x  N. 
These waves a re  o m n id i r e c t io n a l  and h o r i z o n t a l l y  p o l a r i z e d ;  as both  
the probe and th e  t e s t  antennas e x h i b i t  s i g n i f i c a n t l y  b e t t e r  c r o s s ­
p o l a r i z a t i o n  r e j e c t i o n  than t h i s ,  th e  presen ce  o f  th e s e  modes i s  
a t t r i b u t e d  to  unwanted r e f l e c t i o n s  from nearby o b j e c t s .  The rem a in in g  
0.8% e r r o r  c o n t r i b u t i o n  comes m o s t ly  from the  modes indexed  N = 3 
and N = 5. The p r i n c i p a l  cau se  o f  the  e x c i t a t i o n  o f  th e se  f u n c t io n s  
i s  th e  f i e l d  p e r t u r b a t io n  r e s u l t i n g  from the  f i n i t e  s i z e  o f  the  
gro u n dp lan e .  T h is  m a tte r  i s  examined in  the  n e x t  s e c t io n .
The f a r - f i e l d  p a t t e r n  i s  p re se n te d  in  f i g .  5 . 6 . 2 ;  th e  v e r t i c a l  
component app rox im ates  c l o s e l y  to  th e  t h e o r e t i c a l  s i n 2e dependence. 
Exam ination  o f  th e  h o r i z o n t a l  component (bottom f i g u r e )  r e v e a ls  a 
p a t te r n  o f  b e h a v io u r  which i s  s u b s t a n t i a l l y  in depen den t o f  t h a t  
c o rre sp o n d in g  to  th e  c o - p o l a r  component s u p p o rt in g  the  view t h a t  
th e  p resen ce  o f  t h i s  unwanted component does n o t r e s u l t  from a poor  
c r o s s - p o l a r i z a t i o n  r e j e c t i o n  o f  th e  probe antenna.
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G e n e r a l ly  speak ing  th e  a c c u r a c y  o f  the  system in  a n a ly s in g  
c o r r e c t l y  a g iv e n  n e a r - f i e l d  d i s t r i b u t i o n  i s  good. As f a r  as 
p o r t a b le  r a d io s  a re  concerned  r a d i a t i o n  e f f i c i e n c y  i s  th e  c e n t r a l  
q u a n t i t y  and t h i s  r e l a t e s  o n ly  to  th e  power r a d ia t e d .  With r e s p e c t  
to  the  q u a n t i t y  th e  system p e rce n ta g e  e r r o r  i s  a p p ro x im a te ly  equal 
to  the p r o p o r t io n  o f  unwanted modes p re s e n t  (see  s e c t io n  5 .7  f o r  a 
d e t a i l e d  d is c u s s io n  on t h i s  p o i n t ) ,w h ic h  is  low
5.7  E r r o r  A n a ly s i s
An e x te n s iv e  i n v e s t i g a t i o n  was c a r r i e d  out on th o se  f a c t o r s  
which u l t i m a t e l y  determ in e  th e  a ccu racy ,  o f  th e  system . Where 
p o s s ib le  t h e o r e t i c a l  e r r o r  s i m u la t io n  was made use o f ,  r e s e r v in g  
e x per im en ta l methods f o r  th o se  a s p e c ts  which were d i f f i c u l t  to  a n a ly z e .  
The t h e o r e t i c a l  i n v e s t i g a t i o n s  a r e  based on a so ftw a re  package 
s p e c i f i c a l l y  d eve loped  f o r  t h i s  p u rp o se .  Based on th e  modal decomp­
o s i t i o n ,  t h i s  package i s  c a p a b le  o f  g e n e r a t in g  the  near f i e l d  o f  any 
com bin at ion  o f  modal f u n c t io n s  a l lo w in g  f o r  th e  s u p e r p o s i t io n  o f  
v a r io u s  e r r o r  p a t t e r n s ,  such as probe m isa lign m en t e r r o r  e t c .
The e n t i r e  a n a l y s i s  has v e r i f i e d  the  f a c t  t h a t  th e  SNFF 
te c h n iq u e  i s  v e r y  t o l e r a n t  o f  th e  m a j o r i t y  o f  e r r o r  so u rce s  a t  l e a s t  
as f a r  as th e  r e p r o d u c t io n  o f  th e  low er o r d e r  modes i s  con cern ed .
The te c h n iq u e  i s  p a r t i c u l a r l y  t o l e r a n t  o f  r e f l e c t i o n s  from o b je c t s  
and s t r u c t u r e s  around th e  antenna s i t e ;  th e  r e l a t i v e  w e igh t o f  
s c a t t e r e d  waves i s  reduced by th e  d is t a n c e  between the  measurement 
f a c i l i t y  and the  r e f l e c t i v e  o b j e c t .  In c o n t r a s t  to  t h i s ,  a t  the  
f a r  f i e l d  equal w e igh t  i s  g iv e n  to  t h e ' d i r e c t  and s c a t t e r e d  r a y s .
5.6.3 Summary
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In th e  co u rse  o f  th e  f o l lo w in g  in v e s t i g a t i o n ,  c o n s id e r a t io n  
was g iv e n  to  the d e f l e c t i o n  o f  th e  arm which c a r r i e s  the  probe  
a ntenn a , to  the e f f e c t  o f  th e  r e f l e c t i o n s  from the  edges o f  the  
groun dp lan e  and th e  p r o x im ity  e f f e c t  between the probe and the  ground-  
p la n e .  In a d d i t io n  a t t e n t i o n  was p a id  to  the in a c c u r a c ie s  o f  the  
m easuring g e a r .  D e t a i l s  a re  p re se n te d  below.
5 .7 .1  Probe antenna - g rou n dp lan e  p r o x im ity  e f f e c t
G iven  some f i e l d  d i s t r i b u t i o n  th e  output o f  the  probe antenn a,  
ig n o r in g  i t s  d i r e c t i o n a l  p r o p e r t i e s  and i t s  in t e r a c t i o n  w ith  the  
t e s t  antenn a , i s  l i n e a r l y  p r o p o r t io n a l  to  the f i e l d  i n t e n s i t y  a t  the  
p o s i t io n  o cc u p ie d  by th e  p ro b e .  However as the  probe approaches th e  
co n d u ct in g  g ro u n dp la n e , a p re d o m in a n t ly  c a p a c i t iv e  e f f e c t  a l t e r s  i t s  
impedance r e s u l t i n g  in  a p o s i t i o n  dependent complex p r o p o r t i o n a l i t y  
r a t i o  between th e  a c tu a l  f i e l d  i n t e n s i t y  and the measured o u tpu t o f  
th e  p robe . R e s u lt s  p re se n te d  in  s e c t io n  5 .6  are i n d i c a t i v e  o f  the  
m agnitude o f  th e  e r r o r  in t r o d u c e d  by t h i s  e f f e c t .
Based on th e  th e o ry  deve lop ed  in  s e c t io n  2 .3  i t  i s  easy  to  show 
th a t  th e  a p p r o p r ia t e  c o r r e c t i o n  f a c t o r  a g a in s t  the  aforem entioned  
e f f e c t  i s :
Vp
xr~ = 1/(1 -  P )  5 .7 .1
M
where Vp: th e  p ro b e 's  o u tp u t  when c o r r e c t e d
V^: th e  p r o b e 's  o u t p u t ,  as measured
p: th e  r e f l e c t i o n  c o e f f i c i e n t  a t  th e  PROBE's TERMINALS which  
i s  a fu n c t io n  o f  th e  THETA c o - o r d in a t e .
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In g e n e ra l the  m agnitude o f  the e r r o r  due to  t h i s  p r o x im ity  
e f f e c t  depends on th e  n a tu re  o f  th e  probe an ten n a . E x p e r ie n c e  
w ith  a v a r i e t y  o f  antennas su gg ests  t h a t  th e  e r r o r  may be as low as 
1% (e xp re sse d  as the p ercen tag e  o f  th e  power c a r r i e d  by e rro n eo u s  
modes) in  th e  case  o f  la r g e  d i p o l e s ,  but i t  may r i s e  up to  10% o r  
more f o r  s h o r t  tuned an te n n as .
F o r  th e  purpose o f  making c o r r e c t i o n s  a g a in s t  t h i s  e r r o r  
e f f e c t ,  p (see e q u a t io n  5 .7 .1 )  i s  measured by scan n in g  th e  probe  
antenna o ve r  th e  e n t i r e  a r c  in  Theta  and making measurements o f  i t s  
phase and modulus a t  th o se  p o in t s  a t  which th e  normal SNFF m easure­
ments a re  perform ed . P r i o r  to  t h i s  p ro ce d u re  the  netw ork a n a ly s e r  
must be c a l i b r a t e d  w ith  an a c c u r a te  s h o r t - c i r c u i t  con n ected  a t  the  
Baiun t e r m in a ls  where th e  probe n o r m a lly  r e s i d e s .  The e n t i r e  
procedu re  must be c a r r i e d  o u t  tw ic e ,  once f o r  each p o l a r i z a t i o n .
5 .7 .2  Arm d e f l e c t i o n
C o n s id e r  the  e f f e c t  o f  th e  d e f l e c t i o n  o f  the arm b e a r in g  the  
probe an te n n a , as shown in  F i g .  5 . 7 . 1 .  The c o r r e c t  u s a m p l  i  ng 
p o in t  i s  l a b e l l e d  'A '  hov/ever the  d e f l e c t i o n  o f  th e  arm r e s u l t s  in  
th e  measurement be ing  taken  a t  the p o in t  *B ' w hich i s  some d is t a n c e  
below ' A ' .  B e s id e s  th e  a n g u la r  d e v i a t io n  between th e  two p o in t s  
above, th e  d e f l e c t i o n  cau ses a r e d u c t io n  in  th e  measurement r a d iu s  R. 
Furth erm ore  th e  p ro b e ,  r i g i d l y  supported  a t  th e  end o f  th e  arm, 
d e f l e c t s  to  some a n g le  C w ith  r e s p e c t  to  th e  r a d i a l  v e c t o r  so th a t  
the  measurement i s  a co m b in at io n  o f  tvio f i e l d  components a c c o r d in g  to
= E0vsinc + Ervcosc 5.7.2
- 71 -
where * th e  f i e l d  i n t e n s i t y ,  as measured 
E Q :■ the f i e l d  i n t e n s i t y  a long  ji
Er  the  f i e l d  i n t e n s i t y  a long  r.
In the c o u rs e  o f  the  measurement o f  the <j> p o l a r i z a t i o n ,  the  
d e f l e c t i o n  o f  th e  arm does n o t  g iv e  r i s e  to  the above mixed p o l a r ­
i z a t i o n  e r r o r ,  however i t  does r e s u l t  in  the  measurement be in g  taken
a t  th e  i n c o r r e c t  p o i n t  ' B ‘ .
"A "
*
F i g .  5 .7 .1  The d e f l e c t i o n  o f  the arm
F o r  th e  p a r t i c u l a r  arm  employed in  the  p re s e n t  f a c i l i t y  the  
d e v i a t io n s  on e and R as w e l l  as th e  d e p o la r i z a t i o n  a n g le  C were 
determ in ed  e x p e r im e n t a l ly .  The data  c o l l e c t e d  was fe d  to  th e  e r r o r  
s i m u la t io n  program which gave r i s e  to  the  modal o u tp u t  shown in  
T a b le  5 . 7 . 1 .  The p ro ce d u re  was based on th e  low est TM mode so th a t  
absence o f  any e r r o r  i s  s i g n i f i e d  by the presence  o f  a s i n g l e  u n i t y  
e n t r y  c o r re s p o n d in g  to  i n d i c e s  M = 0 ,  N = 1. I t  can be seen t h a t
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E N T R IE S  CORRESPOND TO C O E FF IC IE N TS  IN  EQ . 3 . 1 . 1
M -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6
N
1 0.,000 1. 0 1 5 0. 000
2 0. ,000 0.,000 0. 000 0. 000 0.,000
3 0,,000 0. 000 0.,000 0. 009 0.,000 0..000 0.,000
4 0.,000 0.,000 0.,000 0..000 0. 000 0.,000 0.,000 0.,000 0.,000
5 0. 000 0.,000 0.,000 0.,000 0.,000 o-. 001 0.,000 0..000 0.,000 0.,000 0. ,000
6 0.,000 0.,000 0.,000 0..000 0.,000 0.,000 0. 000 0,.000 0.,000 0..000 0,,000 0.,000 0.,000
7 0.,000 0.,000 0..000 0.,000 0.,000 0,.000 0 . 002 0..000 0..000 0..000 0..000 0.,000 0.,000
8 0.,000 0.,000 0.,000 0..000 0,,000 0,.000 0. 000 0..000 0,,000 0..000 0..000 0..000 0..000
9 0,.000 0,.000 0..000 0,.000 0,,000 0,.000 0. 000 0,.000 0,.000 0,.000 0..000 0..000 0..000
10 0,.000 0.,000 0,.000 0..000 0,.000 0..000 0. 000 0,.000 0,.000 0,.000 0..000 0,,000 0..000
T a b le  M o d a l o u t p u t  f o r  t h e  lo w e s t  TM mode ( i d e a l  m o n o p o le )  s u b j e c t
t o  a rm  d e f l e c t i o n
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th e  d e f l e c t i o n  o f  the  arm r e s u l t e d  in  o n ly  .01% o f  th e  t o t a l  power 
be in g  c a r r i e d  by unwanted modes. I n v e s t ig a t io n s  extended to  h ig h e r  
modes, such as th o se  encountered  in  th e  measurement o f  p o r ta b le  
a n te n n a s ,  showed t h a t  the  e r r o r  r i s e s  f o r  th e se  modes, however i t  
does so v e r y  s lo w ly  and in  a l l  ca se s  examined i t s  m agnitude remained  
below 1% ex pressed  in  u n i t s  o f  power.
5 .7 .3  F i n i t e  s i z e  groun dp lan e
The near f i e l d  a n a l y s i s  in  i t s  p re s e n t  form i s  based on the  
assum ption  th a t  the  c o n d u c t in g  groun dp lan e  i s  o f  i n f i n i t e  e x te n t .
T h i s  e n su res  the  p resen ce  o f  a p u r e ly  r a d i a l l y  outward wave c o r re s p o n d ­
in g  to  a t r a n s m it t in g  t e s t  antenn a. In a c t u a l  p r a c t i c e  however the  
s i z e  o f  th e  groun dp lan e  i s  l i m i t e d  and t h i s  means t h a t  some o f  the  
energy  i s  r e f l e c t e d  backwards from th e  edges o f  th e  g ro u n dp la n e .  In 
f a c t  m u l t i p l e  i n t e r a c t i o n s  to  a l l  o rd e rs  e x i s t  between th e  antenna  
under t e s t  and the  r e f l e c t i v e  edges.
The e f f e c t  o f  th e  r e f l e c t e d  energy  i s  to  s e t  up s ta n d in g  waves 
which a re  p a r t i c u l a r l y  s t ro n g  a t  the  p e r ip h e r y  o f  th e  g ro u n dp lan e .
A s u rv e y  o f  th e  e le c t r o m a g n e t ic  f i e l d  conducted  o n . t h e  s u r f a c e  o f  th e  
g roun dp lan e  showed t h i s  to  be th e  c a s e ;  see F ig u r e  5 . 7 . 2 .
Under th e  above c o n d i t io n s  th e  e le c t r o m a g n e t ic  f i e l d  c o n s i s t s  
o f  p a i r s  o f  o p p o s i t i v e l y  t r a v e l l i n g  s p h e r ic a l  waves f o r  which the  
modal f u n c t io n s  o f  c h a p te r  3 c o n s t i t u t e  one member. The o th e r  member 
c o r re s p o n d in g  to  waves c o n v e rg in g  upon the o r i g i n  i s  f u n c t i o n a l l y  
i d e n t i c a l  to  th e  f i r s t  e x c e p t  t h a t  i t s  r a d i a l  dependence i s  d e s c r ib e d  
by an a l t e r n a t e  f u n c t io n  th e  l a t t e r  s a t i s f y i n g  th e  r a d i a t i o n  c o n d i t io n  
f o r  an inward t r a v e l l i n g  wave. The SNFF a n a l y s i s  c o n f in e d  as i t  i s
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to  th e  s u r fa c e  o f  a sphere  i s  u n ab le  to  s e p a ra te  p a i r s  i n t o  t h e i r  
c o n s t i t u e n t  p a r t s .  Thus any r e f l e c t i o n s  caused by the  edges o f  the  
g ro u n d p la n e ,  o r  by any o th e r  s c a t t e r i n g  body, w i l l  be e r r o n e o u s ly  
in t e r p r e t e d  in  the co u rse  o f  th e  modal d e c o m p o s it io n .
The s i t u a t i o n  becomes o b sc u re  s i n c e  in  t h e i r  p r e s e n t  implement­
a t i o n  SNFF measurements a re  c o n f in e d  a lo n g  a s i n g l e  a rc  o f  co n s ta n t  
cj> w ith  r e s p e c t  to  th e  s u r ro u n d in g s  and th e  <j> scan i s  s im u la te d  by 
r o t a t i o n  o f  the  t e s t  antenna about i t s  v e r t i c a l  a x i s .  I t  fo l lo w s  
t h a t  the  in fo r m a t io n  o n .th e  d i r e c t i o n a l  b e h a v io u r  ( i f  any) o f  the  
r e f l e c t e d  s i g n a ls  i s  l o s t .
One b i t  o f  in fo r m a t io n  i s  r e t a in e d  however and t h i s  r e l a t e s  to  
th e  magnitude o f  the  e r r o r  which r e s u l t s  from the  groun dp lan e  r e f l e c t ­
io n s .  I t  w i l l  be dem onstrated  s h o r t l y  t h a t  t h i s  e r r o r  c o n t r i b u t io n  
i s  th e  prime sou rce  o f  th e  unwanted modes i n  t h e . t e s t  cases o f  s e c t io n
5 . 6 . 2 .
Fo r  th e  purpose o f  th e  p re s e n t  a n a l y s i s ,  f o u r  SNFF exper im ents  
were perform ed a t  d i f f e r e n t  r a d i i  o f  measurements, a l l  f o u r  e x p e r i ­
ments based on the monopole antenna o f  s e c t io n  5 .6 .  The r e s u l t s  o f  
the  exper im ents  which a re  o f  i n t e r e s t  here  a re  p resen ted  in  F ig u r e
5 . 7 . 3  where th e  d ots  co rre sp o n d  to  the  v a lu e s  o f  th e  f i e l d  as 
d e s c r ib e d  by th e  most s i g n i f i c a n t  modes indexed M = 0 and N = 1, 3 ,
5 ,  7 and the  c r o s s e s  co rre sp o n d  to  th e  f i e l d  o f  th e  i s o l a t e d  low est  
TM mode (M = 0 ,  N = 1 ) .  The method employed to  g e n e ra te  th e se  v a lu e s  
in v o lv e  u s in g  th e  in v e r s e  p ro c e s s  o f  modal a n a l y s i s ,  t h a t  i s  the  
s y n t h e s is  o f  th e  n ear  f i e l d  based on r e s u l t s  s u p p l ie d  by th e  normal 
SNFF a n a l y s i s . t h e  l a t t e r  c a r r i e d  o u t  on th e  data  c o l l e c t e d  from the
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1 /  E
A
 >
R A D IA L  D ISTAN CE  (m) 
F i g .  5 * 7 * 2  M e a s u re d  f i e l d  i n t e n s i t y  o n  t h e  s u r f a c e  o f  t h e  g r o u n d p la n e
1 /  E
A O PR ED IC T IO N  BASED  ON THE FOUR LOWER TM MODES
 ^
R A D IA L  D ISTAN CE  (m ) 
F i g .  5*7*3 P r e d i c t e d  f i e l d  i n t e n s i t y  o n  t h e  s u r f a c e  o f  t h e  g r o u n d p la n e
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f o u r  e x p e r im e n ts .  F ig u r e s  5 .7 .2  and 5 .7 .3  e x h i b i t  c l o s e  c o r re s p o n d ­
ence i n d i c a t i n g  t h a t  the  unwanted modes a re  in t r o d u c e d  by th e  SNFF 
a n a l y s i s  to  d e s c r ib e  th e  anomalous be h av io u r  which r e s u l t s  from edge 
r e f l e c t i o n s .  Furth erm ore  t h a t  the p r o p o r t io n  o f  r e f l e c t e d  energy  
p ro p a g a t in g  a lo n g  th e  lo w e s t  mode indexed M -  0 and N = 1 i s  
s u b s t a n t i a l l y  low er than t h a t  o f  th e  h ig h e r  o r d e r  f u n c t i o n s .  T h is  
fo l lo w s  from th e  sm all fluctuation o f  the  c r o s s e s  around the  
t h e o r e t i c a l  l i n e .
C o n c lu d in g  the  e xper im en t d e s c r ib e d  above d em onstrates  t h a t  the  
unwanted m o d e s . in  th e  ca se s  o f  s e c t io n  5 .6  r e s u l t  m o s t ly  from th e  
r e f l e c t i o n s  s e t  up a t  th e  g roundp lane edges and th a t  th e se  modes 
accou n t f o r  most o f  th e  en ergy  r e f l e c t e d .  The e x te n t  to  which th e se  
modes a re  e x c i t e d  may th u s  be used as an i n d i c a t o r  o f  th e  e r r o r  
caused by r e f l e c t i o n s .
5 . 7 . 4  Measurement u n c e r t a in t y
Assuming a p e r f e c t  t e s t  sy s te m 9 one o f  e x c e p t io n a l  m echan ica l  
p r e c i s i o n  and f r e e  from s i t e  r e f l e c t i o n s ,  th e  p r e c i s i o n  o f  the  
exper im en t w i l l  u l t i m a t e l y  depend on th e  network a n a ly z e r  used f o r  
th e  measurement. In th e  case  o f  the HP8754A network a n a ly z e r  th e  
measurement u n c e r t a in t y  i s  o f  th e  o r d e r  o f  1.5% on both a m p litu d e  
and phase. S t r i c t l y  sp eak in g  th e  u n c e r t a in t y  i s  dependent on th e  
s ig n a l  l e v e l ,  th e  above f i g u r e  re p r e s e n t in g  the  most p ro b a b le  
e s t im a te  based on th e  s ig n a l  v a r i a t i o n  ex p e r ie n ce d  in  th e  co u rse  of.  
th e  SNFF measurements.
In o rd e r  to  o b ta in  an i n d i c a t i o n  o f  the e f f e c t  o f  th e  m easure­
ment u n c e r t a in t y  on th e  f i n a l  modal o u tp u t ,  a pseudo-random number
- 77 -
g e n e r a t o r  was used to  c o r r u p t  an o th e rw ise  a c c u ra te  s e t  o f  near  
f i e l d  data  to  w i t h in  the 1.5% u n c e r t a in t y  f i g u r e  o f  the  network 
a n a ly z e r .  The data  was then an a lyzed  by the  SNFF program and the  
r e s u l t i n g  modal o u tp u t  was p la c e d  in  a d is k  f i l e .  The e n t i r e  
p ro ce d u re  was re p e a te d  ten tim es fo l lo w e d  by a p ro ce s s  o f  averag in g  
th e  i n d i v i d u a l  modal c o e f f i c i e n t s .  The r e s u l t s  c o l l e c t e d  are  
p re se n te d  in  T a b le  5 .7 .2 ;  t h i s  'e x p e r im e n t '  was based on the  low est  
TM mode so t h a t  absence o f  e r r o r s  i s  s i g n i f i e d  by a s i n g l e  u n i t y  
e n t r y  indexed  M = 0 ,  N = 1.
A second experim ent was performed assuming 3% u n c e r t a in t y  on 
b e h a l f  o f  th e  network a n a ly z e r  which i s  double  the p re v io u s  f i g u r e .  
The c o r re s p o n d in g  r e s u l t s  shown in  T a b le  5 .7 .3  i n d i c a t e  th a t  the  
unwanted modal e n t r i e s  have d ou b led .  In both cases however the  
e r r o r s  a re  f a r  below th ose  a s s o c ia te d  w ith  the im p e r fe c t io n s  o f  the  
e x p e r im e n ta l  f a c i l i t y  examined in  e a r l i e r  s e c t io n s .
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ENTRIES CORRESPOND TO Q ^  COEFFICIENTS IN EQ. 3.1.1
M -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6
N
1 0. 001 1.,000 0. 001
2 0. 001 0.,001 0.,000 0.,001 0.,001
3 0..001 0. 001 0.,000 0.,001 0.,000 0.,001 0..001
4 0.,000 0.,001 0. 000 0.,001 0..000 0..001 0.,000 0,,001 0..000
5 0..000 0.,001 0..001 0. 001 0,.000 0..001 0..000 0.,001 0.,001 0..001 0..000
6 0..001 0..000 0..001 0..001 0. 000 0,,000 0.,000 0.,000 0.,000 0.,001 0..001 0.,000 0..001
7 0.,001 0..000 0.,001 0.,000 0. 001 0.,000 0..000 0,.000 0.,001 0.,000 0.,001 0.,000 0,,001
8 0..001 0,.000 0..000 0.,001 0. 000 0..000 0..000 0..000 0,,000 0..001 0 ..000 0.,000 0..001
9 0,,001 0..000 0..002 0..000 0. 001 0..000 0,.000 0..000 0.,001 0,.000 0..002 0,,000 0,.001
10 0.,000 0.,001 0.,000 0..002 0. 000 0..000 0,.000 0..000 0..000 0..002 0..000 0.,001 0..000
Table' 5*7*2 Modal output for the lowest TM mode (ideal monopole) at the 
presence of noise 1 .5% rms
ENTRIES CORRESPOND TO COEFFICIENTS IN EQ. 3 .1 . 1
M -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6
N
1 0 .,002 1.,000 0 . 002
2 0 .,001 0 .,002 0..000 0.,002 0 .001
3 0.,002 0.,001 0 .,001 0.,002 0.,001 0 .001 0 .,002
4 0 .,001 0 .,002 0,,001 0.,002 0,,000 0.,002 0. 001 0 .,002 0. 001
5 0 .,001 0 ,,002 0.,001 0..002 0..000 0 ,.001 0 .,000 0. 002 0.,001 0 . 002 0 .,001
6 0 ..003 0 .,000 0 ..002 0.,001 0 .,001 0 ..001 0 .000 0 ..001 0.001 0.,001 0 .002 0,,000 0.,003
7 0..002 0 ..000 0..003 0.,000 0..003 0.,000 0..000 0..000 0. 003 0 ..000 0. 003 0,,000 0 .,002
8 0 ..002 0 ..001 0 ,.001 0..002 0..000 0 .000 0 ,.000 0..000 0. 000 0,,002 0 .001 0..001 0..002
9 0..003 0 ..001 0 ,.004 0,.001 0..003 0 ,.000 0.001 0 .000 0. 003 0,,001 0 . 004 0..001 0..003
10 ■0..001 0..002 0..001 0..004 0,.000 0 ,.000 0 ,.000 0 .000 0. 000 0.004 0. 001 0,,002 0..001
Table 5*7*3 Modal output for the lowest-TM mode (ideal monopole) at the 
presence of noise 3 *0% ^ms
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CHAPTER 6 ANTENNA IMPEDANCE MEASUREMENT
6.1 T h e o r e t ic a l  C o n s id e r a t io n s
Impedance measurement i s  e s s e n t i a l l y  based on the d e te rm in a t io n  
o f  th e  r e f l e c t i o n  c o e f f i c i e n t  a t  th e  in p u t  p o r t  o f  th e  unknown 
impedance. The two q u a n t i t i e s ,  impedance and r e f l e c t i o n  c o e f f i c i e n t ,  
a re  r e l a t e d  through th e  w e l l  known e x p r e s s io n :
where p i s  the r e f l e c t i o n  c o e f f i c i e n t  a t  the  measurement p la n e
z i s  the  unknown impedance
z Q i s  the  c h a r a c t e r i s t i c  impedance o f  th e  fe e d e r  l i n e .
The r e f l e c t i o n  c o e f f i c i e n t  p i s  d e f in e d  as th e  r a t i o  o f  the
r e f l e c t e d  to  the  i n c i d e n t  wave a t  th e  measurement p la n e ,  and hence 
i s  a complex f u n c t io n  o f  f r e q u e n c y ,  p i s  g e n e r a l l y  determ ined by 
s e p a r a t in g  the  i n c i d e n t  and r e f l e c t e d  waves and p e rfo rm in g  the  
complex d i v i s i o n  in d id a t e d  by e q u a t io n  6 . 1 . 2 .
where Y i s  the  complex r e f l e c t e d  wave a t  th e  measurement p lane  
X i s  the  complex i n c i d e n t  wave ............
The ta s k  o f  s e p a r a t in g  the  i n c i d e n t  from  th e  r e f l e c t e d  wave, i s  
acc om p lish e d  by means o f  a dual d i r e c t i o n a l  c o u p le r  o r  a d i r e c t i o n a l  
b r i d g e .  These two d e v ic e s  y i e l d  s u b s t a n t i a l l y  e q u iv a le n t  r e s u l t s .  
T h ere  a re  c e r t a i n  a p p l i c a t i o n s  how ever, where th e  i n s e r t i o n  l o s s  o f  
th e  d e v ic e  employed s h o u ld  be m in im iz e d  in  o rd e r  to  p ro v id e  maximum
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p o s s ib le  power a t  the t e s t  p o r t .  In t h i s  in s ta n c e  th e  d i r e c t i o n a l  
c o u p le r  would have a d e f i n i t e  advantage o ver th e  r e l a t i v e l y  l o s s y  
b r id g e .  The p re s e n t  measurement app aratu s  i s  shared  w ith  the SNFF 
hardware ( d e s c r ib e d  p r e v io u s ly )  which demands a s t ro n g  r a d ia t e d  
s i g n a l ;  f o r  t h i s  reason  a d i r e c t i o n a l  c o u p le r  was chosen.
F ig u r e  6.1 i l l u s t r a t e s  a t y p i c a l  m e a s u re m e n t 'C o n f ig u ra t io n .
The s ig n a l  g e n e r a to r  i s  connected  to  the  unknown impedance through  
a d i r e c t i o n a l  c o u p le r .  I d e a l l y  p o r t s  B and D p ro v id e  a s ig n a l  
p r o p o r t io n a l  to  th e  in c i d e n t  and r e f l e c t e d  wave r e s p e c t i v e l y .  Under 
the  same i d e a l i z e d  c i r c u m s ta n c e s ,  th e  r a t i o  o f  th e se  s i g n a l s  e q u a ls  
the  unknown r e f l e c t i o n  c o e f f i c i e n t .  The o p e r a t io n  o f  th e  complex 
d i v i s i o n  im p l ie d  in  e q u a t io n  6 .1 .2  i s  c o n v e n ie n t ly  c a r r i e d  o u t  by 
a network a n a ly s e r .
C o n s id e r in g  the  s ig n a l  f lo w  graph in  F ig .  6 . 1 ,  i t  i s  a 
s t r a ig h t f o r w a r d  m a tte r  to  d e r iv e  th e  f o l lo w in g  e q u a t io n  which  
d e s c r ib e s  th e  a pp aren t  r e f l e c t i o n  c o e f f i c i e n t  o b ta in e d  by d i v i d i n g  
th e  s i g n a ls  a t  p o r t s  B and D. Thus
pa = -p = a + 6.1.3
where pa i s  the a p p a re n t  r e f l e c t i o n  c o e f f i c i e n t
p i s  th e  t r u e  r e f l e c t i o n  c o e f f i c i e n t
a i s  the e r r o r  term in tr o d u c e d  by the  d i r e c t i v i t y  o f  the
c o u p le r
b i s  the  e r r o r  term a c c o u n t in g  f o r  the t e s t  p o r t  mismatch.
I t  i s  assumed here  t h a t  s e c t io n s  B and D p r o v id in g  th e  two 
s i g n a ls  P and Q a re  i d e n t i c a l .  Secondary  e r r o r  terms and m u l t ip le  
i n t e r a c t i o n s  a re  ig n o re d .  .
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Q = aP + Y
Fig. 6.1 The directional coupler and associate error model
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F o r  good q u a l i t y  c o u p le r s  the term b above i s  sm all compared 
to  u n i t y  and e q u a t io n  6 . 1 . 3  may be s i m p l i f i e d  t o : -
pa = a + p ( l  + bp) 6 .1 .4
I t  can be seen t h a t  two e r r o r  terms o c c u r  in  e q u a t io n  6 . 1 . 4 ,  
o r i g i n a t i n g  f r o m .th e  f i n i t e  d i r e c t i v i t y  o f  th e  c o u p le r  and i t s  t e s t  
p o r t  m ism atch.
B ro a d ly  s p e a k in g ,  d i r e c t i v i t y  i s  a q u a n t i t a t i v e  measure o f  the  
d i r e c t i o n a l  p r o p e r t i e s  o f  th e  c o u p l e r ,  e x p re s s in g  the  c o u p l e r ' s  
a b i l i t y  to  s e p a ra te  th e  i n c i d e n t  and r e f l e c t e d  waves. T h is  
q u a n t i t y  sh o u ld  be as h igh  as p o s s i b l e . ■' In p r a c t i c e  o f  cou rse  f i n i t e  
d i r e c t i v i t i e s  a re  en cou n tered  and t h i s  in  tu rn  means th a t  the s i g n a ls  
from p o r ts  B and D do n o t  t r u l y  r e p r e s e n t  th e  i n c i d e n t  and r e f l e c t e d  
waves but a l i n e a r  c o m b in at io n  o f  them, the e x te n t  o f  which the
unwanted t r a n s m is s io n s  ta k e  p la c e  depending on the magnitude o f  the
d i r e c t i v i t y .
E r r o r s  a s s o c ia t e d  w ith  f i n i t e  d i r e c t i v i t i e s  come i n t o  p la y  
under c o n d i t io n s  o f  t e r m in a t io n s  o f  low r e f l e c t i v i t y .  F o r  t h i s  case  
|p| «  1 and e q u a t io n  6 . 1 . 4  becomes
pa = a + p 6 .1 .5
The main l i n e  r e f l e c t i o n s  o f  th e  c o u p le r  o r i g i n a t e  from th e  
i n p u t  c o n n e c to r  and from  th e  p r o x im i t y  o f  th e  c o u p l e r ' s  a u x i l i a r y  
l i n e .  In c o n t r a s t  to  d i r e c t i v i t y ,  m a i n . l i n e  r e f l e c t i o n s  g iv e  r i s e  
to  s i g n i f i c a n t  e r r o r s  under h i g h l y  r e f l e c t i v e  te r m in a t io n s .  F o r  
t h i s  ca se  |p| approaches u n i t y  and s in c e  a «  1 eq u a tion  6 .1 .4  becomes
pa = p(l + bp) 6.1.6
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I t  i s  notew orthy  t h a t  the  m oduli o f  the apparent r e f l e c t i o n  
c o e f f i c i e n t s  c o r re s p o n d in g  to  s h o r t  and open c i r c u i t  te r m in a t io n s  
d i f f e r  from one a n o th e r ;  f o r  th e se  two cases p = -  1 and + 1 
r e s p e c t i v e l y  and by e q u a t io n  6 .1 .6
6 .1 .7
| pa | sc  = 11 -  b|
|pa|oc = |1 + b|
6 .2  Exper im en ta l Arrangem ent
The system d e s c r ib e d  in  t h i s  s e c t io n  i s  based on th e  measurement 
o f  the  r e f l e c t i o n  c o e f f i c i e n t .  I t  has been s p e c i f i c a l l y  designed  
around the need to  measure th e  impedance o f  p o r ta b le  antennas under 
normal o p e ra t in g  c o n d i t i o n s .  In i t s  normal p o s i t io n  r e l a t i v e  to  the  
human body, th e  p o r t a b le  r a d io  i s  s i t u a t e d  w ell  above the ground.
T h is  f a c t  makes i t  im p o s s ib le  to  employ o r d in a r y  r . f .  c a b le s  to  
c a r r y  the  i n c i d e n t  and r e f l e c t e d  waves from the ra d io  u n i t ,  to  the  
d i s t a n t  m easuring  equipm ent; f o r  the  presence o f  m e t a l l i c  con du ctors  
( c o a x ia l  o r  o th e r  ty p e s  o f  c a b le s )  would undoubtedly  a f f e c t  the  
e le c t r o m a g n e t ic  f i e l d  and hence th e  in p u t  impedance o f  the  p o r ta b le  
antenna under t e s t .  The e x p e r im e n ta l  arrangement d e s c r ib e d  h e re ,  
employs an o p t i c a l  l i n k  to  c a r r y  the  s i g n a ls  from the p o r ta b le  r a d io  
to  the  m easuring equipm ent, th us  ca u s in g  minimal d is tu r b a n c e  to  the  
e le c t r o m a g n e t ic  f i e l d  o f  th e  antenn a. The l i n k  c o n s is t s  o f  a cw 
sem icon du ctor  l a s e r  d io d e ,  an o p t i c a l  f i b r e  c a b le  and a p in  d e t e c t o r .  
As may be e x p e c te d ,  the p re se n ce  o f  th e  g la s s  f i b r e  in  th e  v i c i n i t y  
o f  th e  antenna near f i e l d  w i l l  be u n n o t ic e a b le  in  e le c tro m a g n e t ic  
te r m s .
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The e n t i r e  s e t -u p  i s  i l l u s t r a t e d  in  the b lo c k  d iagram  o f  
F ig u r e  6 . 2 . 1 .  The s ig n a l  g e n e ra to rs  a p a r t  o f  the  r a d i o ,  i s  
connected  to  the  an ten n a , through a p a i r  o f  d i r e c t i o n a l  c o u p le rs  
Cl and C2. The secon d ary  o u t p u t s ,  B and D, p ro v id e  s i g n a l s  
p r o p o r t io n a l  to  the  i n c i d e n t  and r e f l e c t e d  waves r e s p e c t i v e l y .  These  
two s i g n a ls  a re  fe d  to a summer SM th rough  a p a i r  o f  u h f  s w itc h e s  SI 
and S2. O n ly  one o f  th e se  s w itc h e s  i s  on a t  a t im e ,  depending  on 
the  s t a t e ,  F a ls e / T r u e ,  o f  th e  o u tp u t  o f  a secon dary  low fre q u e n c y  
o p t i c a l  l i n k .  The l a t t e r  i s  an in e x p e n s iv e  co m b in at io n  o f  an i n f r a  
red  L . E . D . ,  a p h o t o t r a n s i s t o r  and an o p t i c a l  f i b r e  c a b le .  D r iv in g  
th e  c o n t r o l  s ig n a l  h igh  ( T r u e ) ,  sw itc h  SI i s  on; c o n s e q u e n t ly  the  
o u tp u t  o f  the summer co rre sp o n d s  to  th e  i n c i d e n t  wave. C o n v e rs e ly  
a low ( F a ls e )  c o n t r o l  s ig n a l  b r in g s  th e  r e f l e c t e d  wave to  the o u t ­
put o f  the  summer. The o u tp u t  from th e  summer i s  t r a n s m it te d  from  
th e  r a d io  through the r . f .  f i b r e - o p t i c  l a s e r  l i n k .
The f i n a l  o u tp u t  from th e  p in  d e t e c t o r  a t  th e  r e c e iv in g  end 
o f  th e  f i b r e  l i n k  i s  a m p l i f ie d  and fe d  to  the  network a n a ly s e r  in p u t .  
The r e f e r e n c e  s ig n a l  e s s e n t ia l  to  th e  v e c t o r  d i v i s i o n  c a r r i e d  o u t  
w it h in  the  network a n a ly s e r ,  i s  taken from  the  probe antenna o f  the  
SNFF f a c i l i t y  d e s c r ib e d  in  p r e v io u s  c h a p t e r s .  F o r  t h i s  purpose  the  
probe i s  h e ld  s t a t i o n a r y  w ith  r e s p e c t  t o . t h e  body/antenna system , in  
a p o s i t i o n  co r re s p o n d in g  to  a c o n v e n ie n t ly  h igh  f i e l d  i n t e n s i t y .
The m icrocom puter s e r v in g  as th e  system  c o n t r o l l e r  s u c c e s s i v e l y  
d r iv e s  the  c o n t r o l  s ig n a l  to  both  l o g i c a l  s t a t e s ,  re a d in g  th e  r e f l e c t e d  
and in c id e n t  waves in  both a m p li tu d e  and phase. A s p e c i a l  c o n n e c t­
io n  has been in c o r p o r a te d  in  th e  encoder i n t e r f a c e  ( d e s c r ib e d  in  
c h a p te r  5) f o r  d r i v i n g  th e  c o n t r o l  l i n k  in  respo n se  to  a p a r t i c u l a r
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command-string is s u e d  by the CBM c o n t r o l l e r  v ia  the  IEEE 488 i n t e r ­
fa c e  bus.
The phase and am p litu de  data  i s  read to  the computer v ia  th e  
DVM which f o r  t h i s  purpose i s  connected  to  the MAG/PHASE o u tp u t  o f  
th e  network a n a ly z e r ;  w i t h in  the  HP 8405 A network a n a ly z e r  th e  
phase and a m p litu d e  s i g n a l s  a re  m u lt ip le x e d  on to  th e  same o u tp u t  
p o r t  (MAG/PHASE) a c c o r d in g  to  th e  s t a t e  o f  a d i g i t a l  c o n t r o l  s ig n a l  
termed MAG/PHASE SELECT. Computer s e l e c t i o n  o f  e i t h e r  phase o r  
m agnitude data  v ia  the  MAG/PHASE SELECT s ig n a l  i s  f a c i l i t a t e d  by the  
m u lt ip le x e r / d e m u lt ip le x e r  u n i t  (see ch a p te r  5) which i s  programmed 
to  e i t h e r  s t a t e  v ia  the IEEE 488 bus. The m u l t ip le x e r  i s  d es igned  
s p e c i f i c a l l y  around the  need to  c o n t r o l  the  network a n a ly z e r  v ia  th e  
i n t e r f a c e  bus and b e s id e s  c o n t r o l l i n g  the  MAG/PHASE SELECT l i n e  i t  
i n c o r p o r a t e s  e x t r a  f a c i l i t i e s  to  overcome c e r t a i n  d i f f i c u l t i e s  
a r i s i n g  in  the  co u rse  o f  the  HP 8405 A o p e r a t io n .  In p a r t i c u l a r  a 
s e r io u s  proplem o c c u rs  when phase measurements f a l l  on th e  t r a n s i t i o n  
between + 180 and -  180 d e g re e s .  Under th ese  c o n d i t io n s  the  phase 
o u tp u t  o f  the a n a ly z e r  undergoes a t r a n s i t i o n  from + 1 .80  to  - 1 .80  
v o l t s  (and v i c e  v e rs a )  as can be seen from the c h a r a c t e r i s t i c s  shown 
in  th e  co n t in u o u s  l i n e  i n  F ig u r e  6 . 2 . 2 ;  an attem pt to  e x t r a c t  a phase  
re a d in g  under th ese  c o n d i t io n s  would r e s u l t  in  a f a l s e  measurement 
be in g  taken anywhere a lo n g  th e  t r a n s i t i o n .
The n e tw o rk .a n a ly z e r  i s  p ro v id e d  w ith  a programmable f a c i l i t y  
a c c o rd in g  to  which a secon d ary  c h a r a c t e r i s t i c  c u r v e ,  shown in  d o t te d  
l i n e ,  may be used and which i s  i d e n t i c a l  to  the. p r im a ry  c h a r a c t e r i s t i c  
e x ce p t  t h a t  th e  second i s  o f f s e t  to  th e  f i r s t  by a p r e s e t t a b l e  amount 
(assumed to  be + 25 degrees i n  th e  f o l lo w in g  d i s c u s s i o n ) ;  t h i s  f a c i l i t y  
can be s u c c e s s f u l l y  employed to  overcome the a fo rem entioned  problem .
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Fig. 6.2.2 The principle of phase measurement
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A c c o rd in g  to  th e  te c h n iq u e  d e s c r ib e d  below , two phase measure­
ments a re  e x t r a c te d  a t  each p o i n t ,  one on each c h a r a c t e r i s t i c  c u rv e .  
The s e l e c t i o n  o f  a l t e r n a t e  c h a r a c t e r i s t i c s  i s  au tom atic  and i s  
handled  by the  m u l t i p l e x e r  w ith o u t  th e  need f o r  e x p l i c i t  c o n t r o l  by 
the com puter. As. re a d in g s  e x t r a c t e d  a t  the  + 1 8 0 .to  - 180 degrees  
t r a n s i t i o n  w i l l  r e s u l t  in  th e  two measurements d i f f e r i n g  by more 
( o r  l e s s )  than + 25 degrees th e  CBM c o n t r o l l e r  w i l l  o n ly  a c c e p t  th e  
re a d in g  made on th e  p r im a ry  c h a r a c t e r i s t i c s ,  o f  the  above c o n d i t io n  
o f  + 25 degrees d i f f e r e n c e  i s  met. S in c e  both c h a r a c t e r i s t i c  cu rv e s  
may undergo a t r a n s i t i o n ,  d i f f e r e n c e s  o t h e r  than 25 degrees may not  
be a t t r i b u t e d  to  a f a l s e  p r im a ry  r e a d in g .  Hence i f  the condition:*  
i s  n o t  met the  f i r s t  s e t  o f  r e a d in g s  i s  t e m p o r a r i ly  s to r e d  and a 
second s e t  i s  ta k e n .  . Comparing each new sample to  the  p re v io u s  one 
made on the same c h a r a c t e r i s t i c s  the  f a l s e  s e t  may be sp o tte d  s in c e  
i t  i s  h i g h ly  u n l i k e l y  t h a t  two equal re a d in g s  w i l l  be taken a long  
a r a p i d l y  changing  t r a n s i t i o n .  I f  however the  second s e t  o f  re a d ­
in g s  f a i l s  to  i n d i c a t e  t h i s  (som ething  th a t  never o c c u rs  in  p r a c t i c e  
but which i s  t h e o r e t i c a l l y  p o s s i b l e )  a t h i r d  (and so on) s e t  i s  
taken  u n t i l  s u c c e s s iv e  measurements made on the  same c h a r a c t e r i s t i c  
cu rv e  d i f f e r  a p p r e c ia b ly ?  i f  t h i s  happens w ith  the re a d in g s  made on 
th e  secon d ary  c h a r a c t e r i s t i c ,  th e  d e s i r e d  phase a n g le  i s  assumed to  
be th e  f i r s t  measurement made on th e  p r im a ry  c u rv e ,  o th e rw is e  the  
phase i s  s e t  to  -  180 (o r  + 180) d e g re e s .
In p ra c t ic e . ,  th e  o v e r a l l  system o p e ra te s  s u c c e s s f u l l y  and i s  
c a p a b le  o f  a c c u ra t e  and f a s t  c h a r a c t e r i z a t i o n  o f  antenna impedance. 
The r . f .  components in v o lv e d  i n  th e  d e s ig n  o f  the  t e s t - s e t  a ssem b ly ,  
see F ig u r e  6 . 2 . 1 ,  i . e .  d i r e c t i o n a l  c o u p l e r s ,  sw itch es  e t c .  a re  o f
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the  f l a t - p a c k  ty pe  each m easuring  o n ly  1 cm * 1 cm x 0 .3  cm. They  
a re  assembled t o g e th e r  th rough  m i c r o s t r i p . c i r c u i t  te c h n iq u e s  a l lo w ­
ing  f o r  e x tre m e ly  h igh  p a c k in g  d e n s i t ie s *  T h is  l a s t  f e a t u r e  i s  
v e ry  a t t r a c t i v e  s in c e  i t  i s  p o s s ib le  to  in c o r p o ra te  the  system in  
a l l ,  but the s m a l l e s t ,  modern p o r t a b le  r a d io s .  The c i r c u i t  d iagram  
o f  the  t e s t - s e t  assem bly  i s  in c lu d e d  in  Appendix 6.
6 .3  The F i b r e  O p t ic  L in k
The f i b r e  o p t i c  l i n k  i s  in c o rp o ra te d  in  the p re s e n t  system to  
t r a n s m it  the i n c i d e n t  and r e f l e c t e d  cu rv e s ,  d e r iv e d  from the in p u t  
p o r t  o f  the antenna under t e s t ,  to  th e  network a n a ly s e r ,  see s e c t io n
6 .2 .  Here each s ig n a l  i s  measured in  both magnitude and phase  
a g a in s t  a r e f e r e n c e  s i g n a l  which i s  e x tra c te d  from the  probe antenna  
o f  the  SNFF f a c i l i t y .  The r e s u l t i n g  p a i r  o f  complex numbers a re  
taken through a v e c t o r  d i v i s i o n ,  w i th in  th e  CBM com puter, to  p ro v id e  
th e  d e s i r e d  r e f l e c t i o n  c o e f f i c i e n t ,  accord in g  t o : -
where p i s  th e  r e f l e c t i o n  c o e f f i c i e n t
F(V) i s  the t r a n s f e r  f u n c t io n  o f  the o p t i c a l  l i n k  
Y and X a re  th e  r e f l e c t e d  and i n c i d e n t  wave r e s p e c t i v e l y .
I t  i s  e v id e n t  from  e q u a t io n  6 .3 .1  th a t  the p ro ce ss  o f  complex  
d i v i s i o n  w i l l  o n ly  y i e l d  th e  c o r r e c t  va lue  o f  the r e f l e c t i o n  
c o e f f i c i e n t  p, i f  th e  t r a n s f e r  fu n c t io n  o f  the o p t i c a l  l i n k  i s  l i n e a r ,  
t h a t  i s ,  i f  F(V) i s  e x p r e s s i b l e  in  the  fo rm :-
p = yF 6 .3 .1
F(V) -  CV 6.3.2
where C is a complex quantity independent of V.
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The p re s e n t  f i b r e  l i n k  i s  a ls o  used w ith  the SNFF f a c i l i t y ;  
in  th e  co u rse  o f  th e  near f i e l d  measurement the o u tp u t  o f  th e  f i e l d  
m easuring probe antenna i s  v e c t o r  measured a g a in s t  th e  i n c i d e n t  
wave X. S in c e  any changes in  th e  r e f e r e n c e  s ig n a l  a re  i n d i s t i n g u i s h ­
a b le  from th e  v a r i a t i o n s  in  the  measured n e a r - f i e l d ,  th e  fo rm er  
must be kep t c o n s ta n t  th ro u g h ou t th e  experim ent. Thus th e  c h a r a c t e r ­
i s t i c s  o f  the o p t i c a l  l i n k  must be s t a b le .
In v iew  o f  the  r e l a t i v e l y  poor c h a r a c t e r i s t i c s  o f  th e  l a s e r  
d io d e s ,  the above re q u ire m e n ts  ( l i n e a r i t y  and s t a b i l i t y )  can n o t be 
met in  g en era l w ith o u t  r e s o r t i n g  to  co m p lica te d  arrangem ents.
Shown in  F i g .  6 .3 .1  i s  th e  graph o f  the  l i g h t  power em itte d  by the  
l a s e r  d io d e  p lo t t e d  a g a in s t  the  c u r r e n t  in p u t  to  the  d e v ic e ;  i t  can 
be seen th a t  the l i g h t  power i s  dependent on th e  d i f f e r e n c e  o f  the  
c u r r e n t  from some th r e s h o ld  v a l u e ,  a ls o  shown in  the  g raph . T h is  
t h r e s h o ld  i s  however a s t ro n g  f u n c t io n  o f  tem perature  so th a t  m inor  
tem peratu re  changes may degrade th e  o v e r a l l  perform ance c o n s id e r a b ly .  
Indeed an in c r e a s e  o f  10°C in  tem peratu re  may b r in g  th e  o p e r a t in g  
p o in t  c l o s e  to  th e  t h r e s h o ld  l e v e l ,  r e s u l t i n g  in  an in c re a s e d  
i n s e r t i o n  l o s s  and poor l i n e a r i t y .  An attem pt to  b ia s  th e  l a s e r  a t  
h ig h e r  c u r r e n t s  away from  the  'k n e e ' o f  the c h a r a c t e r i s t i c s  w i l l  on 
the o th e r  hand r e s u l t  in  an e x c e s s iv e  o p t i c a l  o u tp u t  and an eventu a l  
d e v ic e  d e g ra d a t io n  sh o u ld  th e  tem peratu re  drop below some v a lu e .
In the  p re s e n t  d e s ig n  a c lo s e d  lo o p  system i s  b u i l t  around the  
f i b r e  l i n k ,  which m o n ito rs  th e  l a s e r  o u tp u t ,  making s u i t a b l e  a d j u s t ­
ments to  i t s  b i a s ,  and thus m a in t a in in g  a s t a b le  o p e r a t in g  p o i n t .  
F o l lo w in g  the  b lo c k  d iagram  o f  F i g .  6 . 3 . 2 ,  the  o u tp u t  o f  th e  p in  
d e t e c t o r  D1 i s  f i l t e r e d  to  p r o v id e  a r a d io - f r e q u e n c y  f r e e  s ig n a l
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p r o p o r t io n a l  to  the l a s e r  o u tp u t .  T h is  s ig n a l  i s  compared w ith  an 
e x tre m e ly  s t a b le  v o l ta g e  r e f e r e n c e  R, t h e i r  d i f f e r e n c e  be in g  used  
to  g e n e ra te  a p u ls e  t r a i n  having  a r e p e t i t i o n  fre q u e n cy  p r o p o r t io n a l  
to  the e r r o r  s i g n a l ;  t h i s  v o l ta g e  to  f re q u e n cy  c o n v e r s io n  i s  
a cc om p lish e d  by the  VCO V. L in e a r  FM i s  employed to  p ro v id e  
immunity from th e  v a r i a t i o n s  in h e r e n t  in  the  secon dary  l i n k ,  
c o n s i s t i n g  o f  th e  LED L). and th e  p in  d e te c to r  D2, v ia  which the  
e r r o r  s ig n a l  i s  re tu rn e d  back to  the p o r ta b le  r a d io .  P r i o r  to  
t r a n s m is s io n  by th e  secon dary  l i n k ,  the p u ls e  t r a i n  i s  modulated  
f u r t h e r  by a s i n g l e  ( b in a r y )  b i t  o f  in fo rm a t io n  which a f t e r  mo­
d u l a t i o n ,  by th e  dem odulator DM2, determ ines the  s t a t e  o f  th e  r . f .  
m u lt ip le x e r  d e s c r ib e d  in  th e  p re v io u s  s e c t io n .  I t  i s  by means o f  
t h i s  e x t r a  b i t  o f  in fo r m a t io n  t h a t  the  CBM c o n t r o l l e r  s e l e c t s  the
s ig n a l  ( e i t h e r  the i n c i d e n t  o r  the  r e f l e c t e d  wave) to  be t r a n s m it te d
by the  RF o p t i c a l  l i n k .  In t h i s  way a s i n g l e  low fre q u e n c y  l i n k  
s e r v e s  the  dual purpose o f  t r a n s m it t in g  th e  above b i t  o f  in fo r m a t io n  
as w e l l  as the  e r r o r  s ig n a l  o f  the  c o n tr o l  lo o p .  The method o f
m od u la t in g  th e  e x t r a  b i t  o f  in fo r m a t io n  on the  p u ls e  t r a i n  i s
d es ig n e d  to  p ro v id e  channel i s o l a t i o n ;  s w itc h in g  between th e  
i n c i d e n t  and r e f l e c t e d  waves in  no way a f f e c t s  the  dem odulator DM1, 
i t s  o u tp u t  a lw ays being  an e x a c t  r e p l i c a  o f  the  o r i g i n a l  e r r o r  
s i g n a l .  On the  o th e r  hand the  s t a t e  o f  the in c i d e n t / r e f l e c t e d  
s e l e c t  b i t  i s  t r a n s m i t t e d . c o r r e c t l y  a t  a l l  f r e q u e n c ie s  assumed by 
th e  p u ls e  t r a i n .  The p r i n c i p l e  o f  the  com posite  m od u la t io n  i s  
e x p la in e d  b r i e f l y  in  what f o l lo w s .
W ith in  th e  two s t a t e  m od u la to r  M, th e  f re q u e n cy  o f  the  VCO 
o u t p u t ,  shown in  F i g . .  6 .3 .3 . ,  i s  d iv id e d  by 1 0 , the  r e s u l t i n g  s ig n a l
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be in g  used to  g e n e ra te  two d i s t i n c t  p u ls e  p a t t e r n s ,  a ls o  shown in  
F i g .  6 . 3 . 3 ,  a c c o r d in g  to  th e  s t a t e  o f  i n c i d e n t / r e f l e c t e d  s e l e c t  
i n p u t .  Dem odulator DM! i s  a c t i v a t e d  by th e  r i s i n g  edge which  
o c c u rs  a t  tim e t' and rem ains i n s e n s i t i v e  f o r  a. p e r io d  o f  tim e which  
i s  a lw ays lo n g e r  than t^ - t1 so t h a t  i t  i s  never r e - a c t i v a t e d  by a 
second r i s i n g  edge sh o u ld  one such o c c u r .  Demodulator DM2, on the  
o th e r  hand i s  a c t iv a t e d  by th e  f a l l i n g  edge o c c u r r in g  a t  tim e t £ . 
S u b se q u e n tly  i t  lo o k s  f o r  th e  p re s e n c e ,  i f  any , o f  a second r i s i n g  
edge between t im e t 2 to  t 4 ; th e  i n t e r v a l  t 4- t 2 i s  i n t e r n a l l y  
g e n e rate d  by DM2 and i s  a rran g e d  so t h a t  t 3 < < t 5 a t  a l l
f r e q u e n c ie s  assumed by th e  p u ls e  t r a i n .
The o u tp u t  o f  dem odula tor  DM! i s  fe d  to  the  v o l ta g e  to  c u r r e n t  
c o n v e r t e r  which in  tu rn  d r iv e s  th e  l a s e r  d io d e . t h e  o p t i c a l  power thus  
be in g  kept c o n s ta n t .  The v o l t a g e  to  c u r r e n t  c o n v e r te r  a ls o  
i n c o r p o r a t e s  a p r o t e c t io n  network w hich l i m i t s  the  c u r r e n t  to  a 
l e v e l  below the  s a fe  maximum. I t  f u n c t io n s  by comparing th e  v o l ta g e  
d eve lop ed  a c r o s s  a s t a b le  r e s i s t o r ,  through which th e  l a s e r  c u r r e n t  
f lo w s ,  a g a in s t  a s t a b l e  v o l t a g e  r e f e r e n c e .  I f  the  s a fe  l e v e l  i s  
exceeded m o m e n ta r i ly ,  a com parator  la t c h e s  in  a d i s a b l e  s t a t e  
d r i v i n g  th e  v o l ta g e  to  c u r r e n t  c o n v e r t e r  o f f .
The e n t i r e  system o p e r a te s  w e l l ;  i t  e x h ib its ,  v e ry  l i n e a r  
c h a r a c t e r i s t i c s  and e x c e p t io n a l-  s t a b i l i t y ;  indeed a f t e r  lo n g  
o p e a t in g  i n t e r v a l s  o f . t i m e  no change i n  i t s  i n s e r t i o n  l o s s  co u ld  be 
n o t i c e d .  The m ajor drawback o f  th e  o p t i c a l  l i n k  i s  th e  f r a g i l i t y  
o f  th e  g la s s  f i b r e  em ployed, as i n  th e  p re s e n t  d e s ig n . t h e  f i b r e  i s  
a lm o s t  t o t a l l y  exposed.
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Fig. 6.3.3 Timing diagram of the control signal
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The s p e c i f i c a t i o n s  o f  th e  o p t i c a l  l i n k  a re  p re se n te d  in  T a b le
6 . 3 .  The c i r c u i t  diagram  o f  th e  c o n t r o l  lo o p  i s  in c lu d e d  in  
Appendix  6.
I n s e r t io n  Loss 31 dB
THD 30 dB
L a s e r  B ia s  67 MA ( a t  20°C)
La s e r  Output 3 mW
M odu la tion  Depth 80%
S/N 50 dB
Bandwidth 1 GHz
T a b le  6 .3  S p e c i f i c a t i o n s  o f  the  l a s e r  l i n k
6 .4  The s ig n a l  Source
The b lo c k  diagram  o f  the RF s i g n a l  so u rce  i s  i l l u s t r a t e d  in  
F ig u r e  6 .4 ;  a q u a r tz  c r y s t a l  o s c i l l a t o r  c i r c u i t  p ro v id e s  the  b a s ic  
s ig n a l  o f  fre q u e n cy  13.933 MHz. I t  i s  cascaded by a f re q u e n c y  
m u l t i p l i e r  which m u l t i p l i e s  th e  in p u t  s ig n a l  f re q u e n cy  by 12 to  
p ro v id e  the t e s t  s ig n a l  a t  167.194 MHz. The f i n a l  s ta g e  i s  a power 
ampiiiff-fer b oostin g  th e  RF s ig n a l  to  a p p ro x im a te ly  0 .25  W. The power 
a m p l i f i e r  i s  connected  to  th e  t e s t - s e t  assem bly , o f  s e c t io n  6 . 2 ,  
v ia  a 6 dB a t t e n u a t o r  which i s  in c o rp o r a te d  in  th e  system to  
p ro v id e  i s o l a t i o n  o f  th e  power s ta g e  a g a in s t  v a r i a t i o n  in  th e  lo a d  
c o n d i t io n s .
The r . f .  power i s  h e ld  to  w i t h in  c l o s e  to le r a n c e s  by p r o v i d ­
ing  the  e n t i r e  system w ith  a r e g u la te d  s u p p ly  v o l ta g e  o f  6 .3 0  v o l t s .  
A s w itc h in g  mode r e g u la t o r  i s  in c o r p o r a te d  f o r  t h i s  purpose  o f f e r i n g
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e x c e l l e n t  s u p p ly  r e g u la t io n  a t  a l l  lo ad  and b a t t e r y  c o n d i t io n s .
In c o n t r a s t  to  c o n v e n t io n a l  fe e d b a ck  r e g u la t o r s ,  the  s w itc h in g  mode 
r e g u la t o r  i s  c a p a b le  o f  e x tre m e ly  h igh  e f f i c i e n c i e s ,  t y p i c a l l y  o ve r  
70% o f f e r i n g  p ro lo n g ed  o p e r a t io n  f o r  a g iv e n  c a p a c i t y  power pack. 
The r e g u la t o r  s ta ge  p r o v id e s  a second su p p ly  o u tp u t  a t  15 .0  v o l t s  
which i s  used to  b ia s  and c o n t r o l  the  'UHF sw itch e s  w i t h in  th e  t e s t -  
s e t ,  see s e c t io n  6 .2 .  The same c i r c u i t  f u n c t io n s  as a d e m u lt ip le x e r  
d r i v i n g  the  a p p r o p r ia t e  s w itc h  'o n '  a c c o r d in g  to  the  s t a t e  o f  the  
i n c . / r e f .  s e l e c t  s ig n a l  th e  l a t t e r  d e r iv e d  from th e  dem odulator DM2 
o f  F ig u r e  6 . 3 . 2 .
6 .5  T e s t in g  the. Impedance Measurement F a c i l i t y
A s t r a ig h t f o r w a r d  t e s t  was c a r r i e d  o u t to  e s t a b l i s h  a 
c o n f id e n c e  le v e l  in  the impedance measurement f a c i l i t y .  In the  
co u rse  o f  t h i s  t e s t  a number o f  measurements were made on s im p le  
networks and the  r e s u l t s  r e l a t i n g  to  th e  r e f l e c t i o n  c o e f f i c i e n t  
co u ld  be compared a g a in s t  th o se  o b ta in e d  u s in g  th e  HP 8502A 
d i r e c t i o n a l  b r id g e  in  c o n ju n c t io n  w ith  the  network a n a ly s e r .  
F o l lo w in g  a re  th e  r e s u l t s  o f  th e  two s e ts  o f  measurements.
F a c i l i t y HP
0 .6 4   ^ 160° 59 < 164°
0 .3 6  < 165p 33 < 173°
0 .1 5  < 166° 14 < 170°
0.01 < 95° 00 < 115°
0 .12  < 4 09 < 2°
0 .4 3  < -1 36 < -2°
0 .7 2  < -3 .59 < -2°
0.90 < -3 75 < -1°
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C lo s e  agreement between th e  two s e t s  o f  d ata  p r e v a i l s  o ve r  
th e  in te r m e d ia te  range -  o f  im portan ce  to  t h i s  s tu d y  -  o f  the  
r e f l e c t i o n  c o e f f i c i e n t .  F o r  v e ry  low r e f l e c t i v i t y  lo a d s  the  
d i r e c t i v i t y  o f  th e  d i r e c t i o n a l  c o u p le r  w i t h in  th e  f a c i l i t y  
in t r o d u c e s  an a p p r e c ia b le  e r r o r .  On the  o th e r  hand i t s  h igh  open 
to  s h o r t  c i r c u i t  r a t i o  i s  r e s p o n s ib l e  f o r  th e  ob served  d e v i a t io n s  
in  th e  case  o f  h igh  r e f l e c t i v i t y  t e r m in a t io n s .
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The i n v e s t i g a t i o n s  d e s c r ib e d  in  t h i s  ch a pte r  a re  c e n tr e d  on 
the i n t e r a c t i o n  between th e  human body and the p o r t a b le  r a d io  u n i t .  
The m atter  i s  examined from  th e  p o i n t  o f  view o f  antenna in p u t  
impedance and o v e r a l l  r a d i a t i o n  p a t t e r n .  The scope o f  th e  exper im ent  
i s  to :  ■ *v’
a) examine the v a r i a t i o n  in  th e  antenna in p u t  impedance
b) measure the a b s o r p t io n  o f  energy  by th e  human body
c) examine th e  g e n e ra l shape o f  th e  r a d ia t i o n  p a t te rn
The e n t i r e  i n v e s t i g a t i o n  i s  based on the .PYE model P5002 t r a n s c e iv e r  
o p e ra t in g  a t  167.194 MHz. The r a d io  i s  equipped w ith  a s h o r t  h e l i c a l  
antenna (PYE p a r t  No. AT36028/01) m easuring .18 m x .01 m; where 
p o s s ib le  work was extended to  a t e l e s c o p i c  antenna (PYE p a r t  No. 
AT36029/02) .56 m etres lo n g ,  and to  v a r io u s  non-standard  an ten n as .
Fo r  the  purpose o f  the  e x p e r im e n ta l  work, the in t e r n a l  la y o u t  o f  the
p o r ta b le  r a d io  has been a l t e r e d  to  p ro v id e  room f o r  th e  d i r e c t i o n a l  
c o u p le r  and i t s  a s s o c ia t e d  c i r c u i t r y  as w e ll  as the  c lo s e d  lo o p  
system which c o n t r o l s  th e  l a s e r  d io d e ;  d e t a i l s  o f  th e se  u n i t s  a re  
pre se n te d  in  c h a p te r  6. The p r e s e n ta t io n  o f  r e s u l t s  ta k e s  the  
f o l lo w in g  fo rm a ts .
-  r e f l e c t i o n  c o e f f i c i e n t  c h a r t s  i n  the  case o f  impedance  
measurements
CHAPTER 7 PORTABLE RADIOS - EXPERIMENTS AND RESULTS
- Three dimensional far field radiation patterns
THE EXPERIM ENTAL FACILITY
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-  S in g le  numbers e x p r e s s in g  r e l a t i v e  e f f i c i e n c y  as a p e rc e n ta g e ,  
ta k in g  as 100% the case  o f  th e  i s o l a t e d  p o r t a b le  r a d io  equipped  
w ith  the h e l i c a l  antenna.
7.1 D e t a i l s  o f  Impedance Measurements
A schem atic  o f  th e  t e s t  c o n f ig u r a t io n  employed in  the  co u rse  
o f  the  impedance measurements i s  p resen ted  in  F i g .  7 .1 .  The body-  
antenna t e s t  system i s . h e l d  on the  r o t a t in g  p la t fo r m  o f  th e  SNFF 
f a c i l i t y .
The p o r ta b le  r a d io  i s  r i g i d l y  su pported  on a p i l l a r  o f  a d j u s t ­
a b le  h e ig h t  which i s  made o f  perspex  f o r  the  purpose o f  m in im iz in g  
unwanted in t e r a c t i o n s  w ith  th e  e le c t r o m a g n e t ic  f i e l d .  The r e l a t i v e  
o r i e n t a t i o n  between body and r a d io  i s  a rran ged  to  resem ble  th e  
normal o p e r a t in g  mode w ith  the  r a d io  p la c e d  in  f r o n t  o f  th e  head, 
and th e  hand o f  th e  o p e r a to r  p la c e d  a g a in s t  one s id e  o f  th e  r a d io .
Two o p t i c a l  c a b le s  emerging from th e  ra d io  c a r r y  th e  n e c e s s a ry  
s i g n a l s  ( i n c i d e n t / r e f l e c t e d  and c o n t r o l  s i g n a ls )  to  and from the  
m easuring and c o n t r o l  equipm ents. Both c a b le s  a re  te rm in a te d  a t  the  
bottom o f  the  p i l l a r  w i t h in  a p l a s t i c  box, th e  l a t t e r  p r o v id in g  
housing  f o r  th e  v a r io u s  p ro c e s s in g  components.
A t  some d is t a n c e  from th e  t e s t  system , the  probe antenna i s  
h e ld  s t a t i o n a r y  in  a p o s i t i o n  co r re s p o n d in g  to  maximum s ig n a l  r e c e p t ­
io n .  I t s  o u tp u t  s ig n a l  i s  t r a n s m it te d  to  the  r e f e r e n c e  channel o f  
th e  network a n a ly z e r .
F o l lo w in g  a s t a r t  s ig n a l  s e n t  by th e  o p e r a t o r ,  the  CBM c o n t r o l l e r  
proceeds by making f o r t y  measurements o f  th e  r e f l e c t i o n  c o e f f i c i e n t .
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Between each measurement th e  o p e r a to r  advances c l o s e r  to  the  p o r ta b le  
by a p p ro x im a te ly  0 .5  cm. As the  e n t i r e  p rocedure  i s  under the s o le  
c o n t r o l  o f  the  CBN! com pu ter,  a 10 sec d e la y  i s  in t ro d u c e d  between 
c o n s e c u t iv e  measurements e n a b l in g  th e  o p e r a to r  to  proceed  to  h is  
new p o s i t i o n s ;  s y n c h r o n iz a t io n  between th e  computer and th e  o p e ra to r  
i s  m a in ta in e d  th rough  a l i g h t  e m it t in g  d io d e  which s i g n a ls  the end 
o f  each measurement.
7 .2  D e t a i l s  o f  R a d ia t io n  P a t t e r n  and E f f i c i e n c y  Measurements
The b a s ic  s e t  up o f  f i g u r e  7.1 i s  somewhat m o d if ie d  in  the  
ca se  o f  r a d i a t i o n  p a t t e r n  measurements a c c o rd in g  to  th e  need f o r  
d r i v i n g  th e  r e f e r e n c e  in p u t  o f  th e  network a n a ly z e r  w ith  a s t a b le  
s i g n a l ;  u n l ik e  th e  p r e v io u s  ca s e  th e  probe i s  a c t u a l l y  scann ing  the  
sphere  o f  measurements and hence i t s  o u tp u t  assumes a wide range o f  
a m p li tu d e  v a r i a t i o n .  In s te ad  th e  r e f e r e n c e  s ig n a l  i s  now d e r iv e d  
from  th e  i n c i d e n t  wave o f  th e  t e s t  antenna. T h is  s ig n a l  i s  t r a n s ­
m it t e d  from the r a d io  v ia  th e  o p t i c a l  l i n k  -  see c h a p te r  6.
F o r  each g iv e n  p o s i t i o n  o f  th e  t e s t  s e t  r e l a t i v e  to  the  human 
s u b j e c t  each e xper im en t eor>svst.sof* th e  fo l lo w in g  p ro ce d u re :
a) measurement o f  th e  i n c i d e n t  and r e f l e c t e d  waves a t  the in p u t  p o r t  
o f  th e  t e s t  antenna
b) measurement o f  th e  e-component o f  th e  n e a r - f i e l d  e l e c t r i c  
i n t e n s i t y
c)  measurement o f  th e  ^-component o f  th e  n e a r - f i e l d  e l e c t r i c  
i n t e n s i t y
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d) t r a n s m is s io n  o f  n e a r - f i e l d  data  to  the  Prime computer
e) SNFF A n a ly s i s
f )  g e n e r a t io n  o f  g r a p h ic a l  o u tp u t
P a r t  a) i s  n e c e s s a ry  f o r  the  c a l c u l a t i o n  o f  r a d i a t i o n  e f f i c i e n c y ,  
n, a c c o r d in g  to :
n = P rad/P in  7 .2 .1
where Prad i s  the  power r a d ia t e d  by the antenna  
P in  i s  th e  power in p u t  to  th e  antenna
Prad comes as a s id e  p ro d u c t  o f  the  SNFF a n a l y s i s .  P in  i s  
c a lc u l a t e d  from th e  measurements on the i n c i d e n t  and r e f l e c t e d  waves 
made in  p a r t  a) above. Thus:
where Vj n c/Vr e f  i s  th e  i n c i d e n t / r e f l e c t e d  wave a t  th e  in p u t  o f  th e  
t e s t  antenna.
RQ = 50 ohms
P a r t  b) and c)  a re  th e  co n v e n t io n a l  p ro ced u res  o f  th e  SNFF 
te c h n iq u e .  Throughout the  n e a r - f i e l d  measurements th e  human must 
keep s t i l l ,  t h i s  be in g  a d i f f i c u l t  ta s k  on accou n t o f  th e  15 m inute  
i n t e r v a l  w h ic f / p a r t  b) and c)  take  to  com plete .
P a r t  d) i s  c a r r i e d  o u t  under a b s o lu te  c o n t r o l  o f  tfie CBM 
computer which f o r  t h i s  purpose i s  loaded w ith  a machine code r o u t in e  
thus e n a b l in g  the computer to  a c h ie v e  h igh data  r a t e s  (9600 B auds).
7 .2 .2
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High t r a n s m is s io n  r a t e s  a re  n e c e s s a r y  on a cc o u n t o f  th e  la r g e  data  
volume (28672 c h a r a c t e r s  per  e x p e r im e n t) .
F o l lo w in g  t h i s  s t a g e ,  p a r t  e) i s  th e  a c tu a l  near to  f a r  f i e l d  
t r a n s fo r m a t io n  which in c lu d e s  a c o r r e c t i o n  f o r  th e  chang ing  impedance 
o f  th e  probe . R e s u l t s  g en erated  a t  t h i s  stage  in c lu d e  power r a d i a t e d ,  
modal c o e f f i c i e n t s  and f a r - f i e l d  d a ta .
A f i n a l  program executed  by the  Prime system p ro v id e s  th e  f a r -  
f i e l d  g r a p h ic a l  o u tp u t .
A t y p i c a l  exper im ent ta k e s  f o r t y  m inutes to  com plete  w ith  the  
ex per im en ta l s ta g e s  a c c o u n t in g  f o r  th e  g r e a t e s t  p r o p o r t io n  o f  t h i s  
t im e . I t  sh o u ld  be emphasized t h a t  w ith o u t  autom ation  and computer  
c o n t r o l  the  exper im ent would ta k e  so long  as to  be im p o s s ib le .
7 .3  E f f e c t  o f  Body-Antenna S p ac in g  on Antenna Input Impedance
F ig u r e  7 .3 .1  shows th e  measured r e f l e c t i o n  c o e f f i c i e n t  a t  th e  
in p u t  o f  th e  h e l i c a l  antenna as a f u n c t io n  o f  th e  body antenna  
d is t a n c e .
Each measurement i s  in d i c a t e d  by a sm all t r i a n g l e ;  the  p a t te r n  
e x h ib i t e d ,  r e s u l t s  from th e  s u p e r p o s i t i o n  o f  f o r t y  c l o s e l y  spaced  
measurements. The measurement c l o s e s t  to  th e  c o - o r d in a t e  c e n t r e  
co rre sp o n d s  to  th e  minimum antenna body d i s t a n c e ;  the  antenna under  
t e s t  was c l e a r l y  d e s ig n e d  to  be matched a t  t h i s  p o s i t i o n .  The 
experim ent c o v e rs  a range o f  d i s t a n c e s  o f  a p p ro x im a te ly  4 cm to  24 cm. 
In a l l  ca se s  th e  p o r t a b le  i s  hand h e ld .
The r e s u l t s  e x h i b i t  a t o l e r a b l e  v a r i a t i o n  o f  r e t u r n  l o s s  (20 dB 
to  9 dB). F o r  a sm all body-antenna sp a c in g  o n ly  1% o f  th e  i n c i d e n t
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Fig. 7.3*1 Reflection coefficient for the helical antenna
Fig. 7*3*2 Reflection coefficient for the rod antenna
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energy  i s  r e f l e c t e d  a t  th e  te r m in a ls  o f  the antenn a. T h i s  p ro p o r t io n  
r i s e s  to  10% when the  p o r t a b le  i s  he ld  a t  24 cm from th e  body.
F ig u r e  7 .3 .2  shows th e  co rre sp o n d in g  r e s u l t s  r e l a t i n g  to  the  
rod  an ten n a . The l a t t e r  extends w ell  o ve r  the  head o f  th e  o p e ra to r  
and i t s  c o u p l in g  to  th e  human body i s  t h e r e f o r e  l e s s .  I t  can be 
seen t h a t  the  rod antenna e x h i b i t s  f a r  l e s s  v a r i a t i o n  o f  the  
r e f l e c t i o n  c o e f f i c i e n t .  The re t u r n  lo s s  in  t h i s  case  rem ains  
a p p ro x im a te ly  c o n s ta n t  a t  14 dB.
So f a r  as i s  known th e se  a re  th e  f i r s t  d i r e c t  measurements o f  
antenna match in  th e  r e a l  p r a c t i c a l  s i t u a t i o n .  The normal p rocedure  
adopted by m a n u fa c tu re rs  o f  p o r ta b le  r a d io s  i s  to  v a r y  th e  matching  
e lem ents o ve r  some range and to  do f i e l d  t r i a l s  in  o r d e r  to  determ ine  
the  optimum.
O b v io u s ly ,  knowledge o f  the argument o f  th e  complex r e f l e c t i o n  
c o e f f i c i e n t  i s  n o t p ro v id e d  by t h i s  te c h n iq u e  which f o r  t h i s  reason  
rem ains in c a p a b le  o f  su g g e s t in g  the v a lu e s  o f  th e  e lem ent needed to  
match th e  antenn a. Fu rth erm ore  by i t s  n a tu re ,  a t r i a l  and e r r o r  
p ro ce d u re  can be la b o r io u s  and a lth o u g h  i t  may le a d  to  c o r r e c t  
r e s u l t s  i s  g r o s s l y  i n f e r i o r  to  the p re s e n t  te c h n iq u e .  The above 
argument rem ains e q u a l l y  t r u e  in  the  case  o f  v a r io u s  o t h e r  te ch n iq u e s  
employed i n  th e  p a s t ,  which p ro v id e  knowledge o f  th e  modulus of! the  
r e l f e c t i o n  c o e f f i c i e n t  but n o t  o f  i t s  argument.
7 .4  E f f e c t  o f  Body-antenna D is ta n c e  on the E f f i c i e n c y  and the  
R a d ia t io n  P a t te rn
The p re s e n t  program com prises  a s e t  o f  th re e  SNFF measurements 
perform ed a t  body-antenna sp a c in g s  o f  3 , 8 and 13 cm. In a l l  th re e
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ca se s  th e  r a d io  i s  h e ld  a t  th e  h e ig h t  o f  the head. Hand-held  mode 
o f  o p e r a t io n  i s  assumed.
The r e l a t i v e  e f f i c i e n c y  (compared to  the i s o l a t e d  p o r ta b le )  
measured a t  the  above s p a c in g s  i s  ta b u la te d  below.
Body-antenna R e la t iv e
s p a c in g  (cm) e f f i c i e n c y
3 21%
8 28%
13 41%
I t  i s  e v id e n t  t h a t  the  body ab so rb s  most o f  the energy; fu rth e rm o re
t h a t  th e  p r o p o r t io n  o f  energy  absorbed r i s e s  as the sp a c in g  between
antenna and human becomes s m a l le r .
The r a d i a t i o n  p a t t e r n  i n . t h e  th re e  cases c o n s id e re d  here a re
p re se n te d  in  F i g .  7 . 4 . 1 ,  7 .4 .2  and 7 .4 .3 .  As f a r  a s . t h e  th e ta
p o l a r i z a t i o n  component o f  th e  f a r  f i e l d  i s  concerned a l l  th re e  cases  
a re  e s s e n t i a l l y  th e  same; most o f  the  energy i s  r a d ia t e d  in  the  
fo rw ard  d i r e c t i o n ,  th e  body in d u c in g  a deep n u l l  a t  i t s  back .
E x a m in a t io n  o f  the  th r e e  ca se s  r e v e a ls  th a t  the n u l l  i s  most severe
in  th e  case  o f  minimum antenn a-body  sp a c in g .
The phi p o l a r i z a t i o n  o f  th e  f a r - f i e l d  ( i . e .  h o r iz o n t a l  
p o l a r i z a t i o n )  e x h i b i t s  i t s  s t r o n g e s t  lo b e  a t  the  r i g h t  hand s id e  (the  
p o r t a b le  i s  h e ld  by th e  r i g h t  hand). The p ro p o r t io n  o f  t h i s  
component r e l a t i v e  to  th e  th e ta  component r i s e s  w ith  in c r e a s in g  body- 
antenna sp a c in g  c o r re s p o n d in g  to  a more e lo n g ated  arm.
Fig. 7.4.1
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Far-field radiation pattern of the helical
antenna held at 3 cm from the body
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7 .5  E f f e c t  o f  Antenna H e ig h t  on th e  E f f i c i e n c y  and th e  R a d ia t io n  
P a tte rn
I t  i s  o f t e n  c o n v e n ie n t  to  mount the  p o r t a b le  r a d io  on the  body, 
p a r t i c u l a r l y  in  th e  s ta n d -b y  mode o f  o p e r a t io n ,  th us  r e la x in g  the  
hands o f  th e  o p e r a t o r .  The most p o p u la r  methods o f  a c h ie v in g  t h i s  
a re  e i t h e r  by i n s e r t i n g  the  p o r t a b le  w i t h in  a s p e c i a l l y  p repared  
p ocket a t  th e  h e ig h t  o f  th e  c h e s t  o r  by hanging th e  d e v ic e  from the  
o p e r a t o r ' s  b e l t .
The e x p e r im e n ta l  phase d e s c r ib e d  in  t h i s  s e c t io n  i s  c e n tre d  
around th e se  s p e c ia l  m ounting c o n f i g u r a t i o n s .  I t  com prises  th re e  
experim ents  perform ed a t  antenna h e ig h ts  o f  155 cm, 126 cm and 95 cm. 
Non h a n d-h e ld  mode o f  o p e r a t io n  i s  assumed in  a l l  th r e e  c a s e s .
The r e s u l t s  i n d i c a t e  t h a t  th e  e f f i c i e n c y  i s  maximum (20%) a t  
the  maximum antenna h e ig h t  and d e c re a s e s  to  8% in  th e  case  o f  minimum 
antenna h e ig h t .  The in te r m e d ia te  ca se  c o r re s p o n d in g  to  c h e s t  mounted 
p o r t a b le  e x h i b i t s  an e f f i c i e n c y  f i g u r e  o f  11%. What d i s t in g u is h e s  
the  f i r s t  ca s e  i s  th e  s m a l le r  c o u p l in g  to  the  human body on accou nt  
o f  th e  f a c t  t h a t  the  antenna exten ds  o v e r  the  o p e r a t o r ' s  head.
The r a d i a t i o n  p a t t e r n s  in  th e  th re e  c a s e s ,  F ig u r e s  7 . 5 . 1 ,  7 .5 .2  
and 7 .5 .3  a re  v e r y  s i m i l a r .  The o n ly  n o ta b le  d i f f e r e n c e  i s  th a t  
h e ig h t  r e d u c t io n  r e s u l t s  in  en ergy  c o n c e n t r a t io n  a t  low er e le v a t io n  
a n g le s .  B e a r in g  in  mind t h a t  lo b e s  in  e r e s u l t  from  th e  i n t e r a c t i o n  
between th e  t e s t  antenna and i t s  im age, th e  o bserved  r e d u c t io n  in  
th e se  lo b e s  a t  s m a l le r  antenna h e ig h ts  suggests t h a t  c u r r e n ts  on the  
body a re  s t r o n g e r  in  th e  r e g io n  c l o s e  to  th e  t e s t  antenn a.
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7.5 .1 Far-field radiation pattern of the helical
antenna held at 155 cm above the ground
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Fig. 7.5«3 Far-field radiation pattern of the helical 
antenna held at 95 cm above the ground
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7 .6  E f f e c t  o f  th e  Hand
The cases i l l u s t r a t e d  in  F i g .  7 .4 .1  and F ig ,  7 .5 .1  a re  based  
on the  same body-antenna r e l a t i v e  o r i e n t a t i o n s .  However th e  second  
case  co rresp o n d s  to  th e  non hand h e ld  mode o f  o p e r a t io n .  The 
e f f i c i e n c y  in  both ca se s  i s  21%, i n d i c a t i n g  th a t  the  c o u p l in g  to  
the human body a t  sm all body-antenna sp a c in g s  i s  not g r e a t l y  
dependent on the  hand. The most profound d i f f e r e n c e  l i e s  in  the  
presen ce  o f  a s t r o n g e r  $ component -  bottom o f  F i g .  7 .4 .1  -  in  the  
hand he ld  ca s e .  In th e  same f i g u r e  the major lo b e s  a re  in  the  
d i r e c t i o n  o f  the  hand h o ld in g  the  p o r ta b le .s u g g e s t in g  t h a t  th e  arm 
su p p o rts  h o r iz o n t a l  c u r r e n t s  which g iv e  r i s e  to  the  <j> component.
7 .7  R a d ia l Antenna
Using  a c o n d u c t iv e  c y l i n d e r  as a model f o r  the  human body, 
Newkomm (10) ob served  a s t ro n g  r a d i a l  f i e l d  on the  s u r f a c e  o f  the  
model when exposed to  a v e r t i c a l l y  p o la r iz e d  p lane  wave. T h is  r a d i a l  
component e x h ib i t e d  a h ig h  degree o f  u n i f o r m it y  around th e  body 
p e r ip h e r y  in  c o n t r a s t  to  th e  v e r t i c a l  component which was g r e a t l y  
su pressed  in  th e  shadow zone a t  the  back o f  th e  model. Based on 
r e c i p r o c i t y  Newkomm su ggested  t h a t  an antenna p la ce d  r a d i a l l y  on th e  
s u r f a c e  o f  the body would g iv e  r i s e  to  an o m n id ire c t io n a l  f a r - f i e l d  
p a t te r n  having  a v e r t i c a l  p o l a r i z a t i o n  component o f  h igh  p u r i t y .
Newkomm's s u g g e s t io n s  have been in v e s t ig a t e d  In c o n ju n c t io n  
w ith  an a c tu a l  human s u b j e c t  a t  167 MHz. The r a d ia l  antenna c o n s is t e d  
o f  a sm all h e l i c a l  antenna 15 cm * 2 cm mounted on a . c i r c u l a r  ground-  
p la n e  o f  d iam eter  20 cm. The s i z e  o f  the  antenna and th e  groun dp lan e  
was s e le c t e d  to  g iv e  a f a i r  match o ve r  an a c c e p ta b le  bandw idth. The
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d e t a i l s  o f  th e  mounting c o n f ig u r a t io n  employed a re  p re se n te d  in  
F i g .  7 . 7 . 1 ;  the  groundp lane was f i x e d  to  the  body by a sm all s t r i n g .
A s h o r t  p ie c e  o f  c o a x ia l  c a b le  made co n n e ct io n  between th e  antenna  
and th e  p o r t a b le  r a d io .  The l a t t e r  was su pported  on th e  p i l l a r  
employed in  the  co u rse  o f  the  p re v io u s  experiments.. Two experim ents  
perform ed a t  antenna h e ig h ts  H o f  110 cm and 124 cm r e v e a le d  
e f f i c i e n c y  f i g u r e s  o f  18% and 25% r e s p e c t i v e l y .
C o n tr a ry  to  Newkomm's p r e d i c t i o n s  however th e  f a r - f i e l d  p a t t e r n ,  
see F i g .  7 .7 .2  and 7 . 7 . 3 ,  c o n s is t e d  m o s t ly  o f  the  f  component which  
i n  both ca se s  was a t  l e a s t  tw ice  as s t ro n g  as th e  e component. 
Furth erm ore  in  n e i t h e r  o f  th ese  ca se s  d id  the  a z im u th a l p a t te r n  
e x h i b i t  the  p resen ce  o f  any s i g n i f i c a n t  v e r t i c a l  component.
7 .8  Loop Antenna
Loop antennas a re  g e n e r a l l y  u n s u i t a b le  f o r  p o r t a b le  r a d io  
a p p l ic a t io n s - ;o n  th e  one hand such antennas mounted on th e  p o r ta b le  
w i l l  tend to  be u n co m forta b ly  la rge . On the o th e r  hand lo o p  antennas  
a re  g e n e r a l l y  more d i f f i c u l t  to  match on a ccou n t o f  t h e i r  low  
impedance. One n o ta b le  e x c e p t io n  to  t h i s  r u l e  i s  th e  body worn loop  
which ta k e s  the  form o f  a f l e x i b l e  le a d  worn around th e  body. Such 
antennas were in v e s t ig a t e d  in  a v a r i e t y  o f  c o n f i g u r a t i o n s ,  however 
th e  r e s u l t s  a re  v e r y  d is c o u r a g in g ,  th e  e f f i c i e n c y  seldom  exceed in g  
5%.
7 .9  S p e c ia l  S t r u c t u r e s
I t  i s  perhaps s u r p r i s i n g  t h a t  even under c o n d i t io n s  o f  o n ly  
l i m i t e d  p r o x im ity  between body and antenn a, as in  th e  case  o f  the
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Fig. 7*7.1 The radial antenna
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7.7? ,2 Far-field radiation pattern of the
radial antenna held at 110 cm
above the ground
THETA PO LAR IZAT IO N  
POWER IN T E N S IT Y
P H I  ( d e g r e e s )
THETA ( d e g r e e s )  0
P H I  PO LA R IZA T IO N  
POWER IN T E N S IT Y
-2  *10 *
4.00
3.50 H
3.00
2.50
2.00 H 
1 .5 0 -  
1 . 0 0 -
.50
P H I  ( d e g r e e s )
4.00 
P3.50 
-3 .W
2.50 
F 2 . 0 0
1.50
1.00 
h  .50
THETA (degrees)
THETA ( d e g r e e s )  0
THETA (degrees) 0
r 4 . 0 0
-3 .50  
-3 .00  
-2 .50  
- 2.00 
1.50 
1.00 
.50
4.00
3.50
3.00
2.50
2.00
1.50 
1.00
.50
P H I  PO LA R IZ A T IO N  
POWER IN T E N S IT Y
P H I  ( d e g r e e s )
Fig. 7.7.3 Far-field radiation pattern of the
radial antenna held at 124 cm
above the ground
THETA PO LA R IZA T IO N  
POWER IN T E N S IT Y
* 1 0 " 2
P H I  ( d e g r e e s )
- 122 -
ve rtica l he lix  extending over the head, the e ffic iency  is  as low 
as 20%, compared to the iso lated portable case. This low figure 
suggests that coupling to the body takes place through the main body 
of the portable radio rather than merely the antenna it s e lf .  I f  
such a hypothesis is  true then improvements in the design of the 
portable are at least equally important as the design of the antenna 
it s e lf .
Considering th is , an attempt was made to reduce the coupling 
between the portable and the human body. The method employed 
involves attaching a long section of wire to the side of the radio.
Such an extension to the s ize  of the device overall w il l tend to 
increase the rad iation resistance as compared with the loss re s is t ­
ance, the la t te r  resu lting from the close body-portable proximity.
A 90 cm long piece of wire tested in conjunction with the 
portable radio resulted in an 8% improvement in  the overall e ffic iency . 
The fa r - f ie ld  radiation pattern is  illu s tra ted  in Figure 7.9. I t  
is  evident that th is  case resembles c lose ly  Fig. 7.4.1 of the 
conventional body antenna system. However the .e component in the 
present case is  more elevated ind icating  that the currents on the wire 
are in co rrectly  phased. Should the method prove of importance adjust­
ment of current phasing by means of co ils  should not present any 
problems.
7.10 E ffect of Conductive Cables
In the past, when necessary, i t  has been the custom to use 
conductive cables to carry the necessary signals from the antenna 
under test. The cables generally used fo r such purposes are loaded
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with a number of r . f .  chokes in  an attempt to suppress the unwanted 
surface currents which would otherwise propagate on the outside of 
the cable.
The v a lid ity  of th is  technique has been investigated by making 
measurements of the rad iation pattern with a su itab ly prepared cable 
instead of the optica l f ib re . The.results so obtained can be compared 
with those based on optica l transmission. The cable employed here 
was 1.5 m long and was loaded with f iv e  chokes uniformly spaced along 
it s  length.
Figure 7.10.1 il lu s t ra te s  the fa r - f ie ld  pattern of the iso lated 
portable as measured by the system incorporating cable transmission. 
Compared with the optica l transmission case, Fig. 7.10.2, the former 
exh ib its a marked difference of behaviour along the e ordinate; the 
pattern of Figure 7.10.1 can only be explained on the assumption that 
the transm itting cables form a part of the radiating structure.
Investigations extended to the body antenna system, Fig, 7.10.3, 
ind icate that, the fa r - f ie ld  d is tr ibu tion  approximates well to the 
equivalent case of optica l transmission, Fig. 7.4.1. However 
e ffic iency  measurements in  these cases d if fe r  by as much as 80%, 
e ffic iency  appearing to be much higher when conductive cables are 
used fo r the measurement.
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Far-field radiation pattern of body - antenna
combination with cable transmission
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The work described in th is  d issertation  is  concerned with the 
experimental analysis of VHF/UHF portable radio antennas. The body 
of the human operator is  treated as an integral part of the radiating 
structure and a f a c i l i t y  fo r the study of the resu lting body-antenna 
combination is  described.
The work is  divided into three sections; the f i r s t  section is  
centred on the design of a f a c i l i t y  which is  capable of analysing 
the rad iation characte ris tics  of the antenna-body test system. The 
f a c i l i t y  is  designed around the near-fie ld  to fa r - f ie ld  spherical 
scanning technique which fo r the purpose of the present work is  
adapted to the particu la r requirements of the body antenna test 
system. According to the present implementation the body antenna 
system is  held on a large m eta llic  groundplane and it s  surrounding 
f ie ld  is  probed along a hemispherical surface. The near-fie ld 
d is tr ib u t io n  is  then employed to compute the fa r - f ie ld  via a 
mathematical transformation based on the theory of spherical harmonics. 
A su itab le  software package was constructed fo r th is  purpose and is  
capable of extremely accurate and e f f ic ie n t  fa r - f ie ld  predictions.
The second phase of the work is  concerned with.the measurement 
of antenna impedance. The method of impedance measurement proposed 
is  shown to be very accurate and unlike various techniques employed 
in  the past, the method is  based on no questionable assumptions.
In pa rticu la r the use of ordinary conductive cables fo r the trans­
mission of the signals involved in  antenna impedance measurement is  
avoided. Instead use is  made of an optica l f ib re  lin k ,  which unlike
CHAPTER 8 CONCLUSION
8.1 Introduction
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conductive cables, introduces no measurable disturbance in  the 
electromagnetic f ie ld  of the tes t configuration.
In the th ird  and f in a l section of the present work the e ffect 
of the human body on the antenna of a commercial portable radio 
operating at 167 MHz is  treated. The study making use of the 
f a c i l i t ie s  described above demonstrates that with a l l known types of 
portable antennas the e ffe c t o f the human body is  characterized 
mainly by high energy absorption and severe antenna pattern 
perturbation.
8.2 The F a c il it y  fo r the Measurement of Radiation Patterns
A fu l ly  automated spherical near-fie ld  f a c i l i t y  has been 
successfu lly constructed fo r the measurement of the radiation 
patterns of VHF/UHF portable radios, which treats the radio set and 
the human body as an in tegra l radiating structure. The technique is  
based on methods generally employed in the measurement of microwave 
antennas. However the present implementation is  more appropriate 
for the e ff ic ie n t  antenna analysis in  the presence of a conducting 
groundplane. So fa r as is  known i t  is  the f i r s t  such f a c i l i t y  
capable of being used at re la t iv e ly  low frequencies. The low gain 
of the antennas involved w ill in  general make any measurement prone 
to f ie ld  perturbations orig inating  from the nearby mechanisms involved 
in the rotation of the test antenna; the conducting groundplane 
provides a means of sh ie ld ing these components, i t s e l f  allowing for 
an accurate formulation of the resu lting  test antenna-groundplane 
configuration.
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The f a c i l i t y  consists o f a scanner which carries out the near­
f ie ld  measurement over a hemispherical surface surrounding the test 
antenna-body system. I t  is  used in. conjunction with a spec ia lly  
developed software package which is  capable of generating the fa r- 
f ie ld  radiation pattern o f the test antenna body system from knowledge 
of the near-fie ld . Other information re la ting  to radiated power - fo r 
the purpose of ca lcu lating  e ff ic ie n cy  - is  also provided by the near­
f ie ld  analysis. The software package has been tested thoroughly 
and i t  has been found capable of extremely accurate resu lts. The 
transformation technique, the heart of the analysis package, is  based 
on the modal decomposition o f the electromagnetic f ie ld  in terms of 
an in f in ite  - in practice f in it e  - number of spherical wave functions. 
The excitation coe ffic ien ts  of these elementary waves are calculated 
from the measured nea r-fie ld . Individual waves are read ily  extra­
polated to large distances where they are summed to provide the fa r- 
f ie ld  of the test antenna.
The introduction of the groundplane in the present implementation 
of the near-fie ld  technique makes the measurement procedure d if f ic u l t ,  
it s  presence lim itin g  the e levation angle, over which the probe moves, 
to some value less than 90 degrees, which means that the f ie ld  values 
on the surface of the groundplane can not be measured. An e ff ic ie n t  
method has been developed however which can provide the desired f ie ld  
values over the entire  sphere.surrounding the antenna-body system 
including the surface of the groundplane and the lower hemisphere.
The points on the groundplane are more d if f ic u l t  to treat since, 
unlike those on the bottom hemispherical cup which image to the 
corresponding points-op Xhe upper cap, the former, image to themselves.
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One further problem namely the changing impedance of the probe 
antenna when i t  approaches close to the groundplane, has been over­
come and a correction technique has been developed.
The f a c i l i t y  was tested using a small monopole antenna fo r 
which the 'rad iation  pattern is  known. ’ I t  was found that as fa r as 
modal decomposition is  concerned - based on which the fa r - f ie ld  is  
computed - the f a c i l i t y  is  accurate to about 1% in power. That is  
to say, the f in a l modal output after the near-fie ld  analysis had been 
carried out was corrupted by the presence of erroneous modes account­
ing fo r approximately 1% of the power radiated by the monopole.
An extensive error simulation carried out indicated that by 
fa r the largest contribution to the above error resulted from the 
f in it e  extent of the groundplane; furthermore that the technique is  
very to lerant to various mechanical misalignment errors associated 
with the spherical scanner and to the re flections from the d iffe ren t 
objects and structures around the measurement s ite .
The simulation technique was based on an au x ilia ry  software 
package developed fo r the above purpose. This is  capable of generat­
ing the near-fie ld  d is tr ibu tion  (which is  normally measured by the 
fa c i l i t y )  allowing fo r the superposition of various error patterns.
8.3 The F a c il ity  fo r the Measurement of Impedance
Measurements of antenna impedance in the case of portable radios 
are complicated by the need to transmit various signals from the 
antenna under test to the remote measuring equipments. The conductive 
cables employed in the past to carry these signals have been shown to 
upset the test configuration giving r ise  to erroneous resu lts . This
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problem has been overcome in the present system using a m iniatur­
ized d irectiona l coupler to separate the incident and reflected 
waves at the test antenna port; additional c irc u itry  w ithin the 
portable was used to d ire ct the two signals to the measuring equip­
ments via an optica l f ib re  lin k  which was based on a combination of 
a semiconductor laser and a pin detector. The non-metal!ic compos­
it io n  of the f ib re  ensures a minimal disturbance of the e le ctro ­
magnetic f ie ld  of the portable antenna, while the extremely fa st 
response of the laser diode and pin detector enables the fundamental 
r . f .  signals to be transmitted.
The most notable characteristics of the system are:-
a) it s  small size; the overall c ir c u it ,  couplers etc. measures only 
3 x 5 cm and thus i t  can be incorporated into almost every modern 
small size  portable, radio,
b) it s  good accuracy, which is  independent of the cha racte ris tics  
of the optica l lin k  (so long as the optical components are 
reasonably lin ea r, a condition read ily  met by both lasers and 
detectors).
The system was tested against a high qua lity  commercial net­
work analyzer. I t  was found that the accuracy depends on the values 
being measured, however fo r the range of impedances encountered with 
portable radio antennas the uncertainty expressed in terms of the 
amplitude and phase of the measured re flec tion  coe ffic ien t is  around 
15% and 5 degrees respectively.
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An extensive investigation was carried out centred on the 
in teraction  of portable radios with the human body. The matter was 
examined from the viewpoint of antenna impedance, overall radiation 
pattern and e ffic iency . The investigations were based on a commercial 
radio operating at 167.194 MHz and equipped with a conventional 
v e rtica l he lix ,, but the work was also extended to include some special 
body worn antennas.
To summarize, as fa r as the ve rtica l he lix  is  concerned the 
resu lts ind icate that:
a) antenna impedance is  not dramatically affected by changes in 
the re la t ive  position between the body and the portable. Even 
less sensitive  appears to be the case of the quarter wave whip 
which is  the second most popular choice in portable radio 
app lications. In e ither case the findings of th is  research do 
not ju s t if y  the use of complicated adaptive matching techniques;
b) antenna e ffic ien cy  is  very poor, the body absorbing over 80% of
the energy in the majority of cases. I t  is  known that at least 
one major manufacturer of portable radios degrades the spec ifica t­
ions of his product by 6 dB (75%) to account fo r the e ffect of 
the human body and th is  seems to be in  lin e  with the findings 
of the present work;
c) the rad iation pattern is  severely d istorted; the body antenna 
combination exh ib its a d irectiona l behaviour with the greatest 
proportion of the radiated energy propagating in the forward body
8.4 Portable Radio Antennas
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d irection . This observation is  in agreement with the finding 
of Krupka (11) and others who observed that in the neighbour­
hood of 150 MHz the body acts as a re fle c to r element;
d) a broad and deep null is  induced in the backward body direction 
as a resu lt o f the increase in the antenna gain along the fo r­
ward d irection .
Of secondary importance are the following observations:
e) the e ffect o f the hand holding the portable radio (in the hand 
held mode of operation) is  to induce a weak horizontal component 
in the fa r - f ie ld ,  ind icating that some current flows along the 
arm;
f) moving the portable away from the body resu lts in an improved 
e ffic iency , however s ig n if ican t gains can only be achieved at 
a large body antenna separation, so great as to be unusable in 
normal portable radio communications.
Of the other antennas investigated the radial antenna proposed 
by Neukomm (10) works best as fa r as e ffic iency  is  concerned.
Unlike his theoretical predictions however, the radial antenna does 
not give r ise  to a dominant v e r t ic a lly  polarised component in the 
fa r - f ie ld ,  neither does the radiation pattern exh ib it omnidirectional 
coverage. Investigations extended to body worn loop antennas show 
that the e ffic iency  obtainable is  lower than 5%.
Attempts to improve the e ffic iency  by making modifications to 
the body of the portable rather than to the antenna proved partly 
f r u it fu l;  the e ffic ien cy  increased by 8% when a 90 cm long wire was
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attached to the portable. However th is  configuration is  not 
sa tisfacto ry in practice on account of the length of the wire 
needed to achieve s ig n if ic an t gains. Nevertheless the resu lts so 
obtained indicate the importance of the body structure of the radio 
i t s e l f  which is  part of overa ll rad iating structure.
F in a lly  an investigation into the e ffect of conductive cables 
used to transfer s igna ls .to  and from the portable radios under test 
shows that resu lts so obtained can be highly inaccurate. Although 
the radiation patterns obtained using optica l fib res and conductive 
cables look s im ila r, the resu lts re la ting  to e ffic iency  can d if fe r  
by as much as 80%.
In summary the investigations carried out into the body- 
antenna in teraction based on a commercial un it operating at 167 MHz 
show that the human body acts as a lossy re f le c to r  element; i t  
absorbs around 80% of the energy, at the same time inducing a deep 
null in the backward d irection . Further experiments with non­
standard antennas (loops, rad ia l antennas e tc .) , ind icate that no 
dramatic improvement can be expected and that the overall body 
antenna behaviour is  defined in it s  greatest part by the human body, 
given that the properties o f the e le c t r ic a lly  small antennas employed 
are in the ir part defined by the size  of the antennas.relative to 
the wavelength.
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APPENDIX 1. GAIN, BANDWIDTH AND EFFICIENCY vs. ANTENNA SIZE
A non-mathematical summary of Harrington's paper is  presented 
in  th is  section. The discussion concentrates on those aspects which 
are relevant to portable antennas. The resu lts however apply equally 
well to a rb itra ry  radiating and receiving structures.
The orig ina l analysis by Harrington is  based on the spherical 
wave (modes) representation o f electromagnetic f ie ld s ;  the modal 
expansion is  used to derive e x p lic it  re la tions fo r the d irective  
gain in terms of the modal content and the Quality and D issipation 
factors in terms of the antenna s ize .
In the case of d ire c t iv ity ,  i t  is  shown that th is  always remains 
below a maximum value G , given by• lid. A
G = N2 + 2N max
N being the order of the highest mode present in  the expansion of the 
electromagnetic f ie ld  around the antenna. This statement holds true 
fo r both lossless and lossy structures. In order to re la te  the 
maximum possible gain of an antenna to i t s  size re la tive  to the wave­
length i t  is  necessary to consider the modal qua lity  factor and 
d iss ipation  factor.
Various formulae were derived by Harrington which re la te  the 
Q factor of ind ividual modes to the quantity pR where $ equals X/2-n- 
and R is  the radius of the smallest sphere enclosing the antenna 
structure. Fig. A . l,  abstracted from Harrington's paper, il lu s tra te s  
the dependence of modal qua lity  factor Qn on SR, each graph correspond­
ing to a single modal function. Because of the orthogonality of the
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modal functions the tota l stored energy and power radiated, by any 
antenna, is  the sum of the corresponding quantities associated with 
each mode. Higher order modes have a higher Q factor, that is  the 
proportion of stored energy to radiated power is  higher fo r higher 
order modes, thus by the previous statement the addition of higher 
order modes w ill always re su lt into an increased qua lity  factor and 
reduced bandwidth. This is  especia lly  true for those modes with 
order n.greater than BR, as can be seen from Fig. A .I.
I t  is  now apparent that fo r any antenna, an increase in it s  
modal content beyond n < $R in an attempt to increase the d irective  
gain w ill inev itab ly  re su lt in a reduced bandwidth unless, of course, 
lossy materials are introduced in the antenna structure. As shown 
below, the loss associated with ind ividual modes follows s im ila r 
trends to the Q factor of the lossless case, so that an increase in  
the gain w ill always bring about undesirable effects o f one sort or 
another.
In the case of a lossy antenna, Harrington showed that the 
d issipation facto r Dn associated with each mode is  proportional to 
the function |Un|2 of Fig. A .2 so long as BR is  less than n. Again 
because of the orthogonality of energy and power overall power 
radiated and power dissipated is. the sum of the corresponding 
quantities fo r each mode. Since the d issipation factor is  ju s t the 
ra tio  of power dissipated to power radiated, i t  appears that modes 
with n > BR increase the overa ll d issipation  so much that e ffic iency  
is  severely reduced.
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F I G  A . i  MODAL Q U A L IT Y  FACTORS FO R WAVE FUNCTIONS OF ORDER n .
F I G  A . 2  THE FUNCTIO NS | Un |2
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APPENDIX 2.1. THE SOLUTION OF THE VECTOR WAVE EQUATION IN
SPHERICAL COORDINATES
Within any homogeneous and iso trop ic  medium from which sources 
have been excluded the vectors describing the electromagnetic f ie ld ,  
E and H sa tis fy  the vector wave equation. I t  is  possible to solve 
th is  equation d ire c t ly , however certa in d if f ic u lt ie s  are overcome by 
an.a lternative approach involving Maxwell's equations.
Maxwell's equations in free space are
curl E = j u y H A.2.1.1
curl H = - j co e E A.2.1.2
div E = 0 A.2.1.3
div H = 0 A.2.1.4
where y is  the free space permeability
e is  the free space perm itt iv ity
exp(-jo)t) time dependence is  assumed.
Let
H = - jwE curl(nj)f) A.2.1.5
where r is  the un it vector in r d irection
r is  the r coordinate
is  a sca lar function of position 
since the divergence of the curl of any vector function is  zero then 
equation A .2.1.4 is  sa t is f ie d  by A.2.1.5.
curl (E-K2n|>r) = 0
Furthermore by eq. A.2.1.1 and A.2.1.5
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E = K2nf>r - grad(4>) 
where 4 is  an a rb it ra ry  sca la r function of pos it ion
K2 = to2 ey
By A .2.1.2, A .2.1.5, A2.1.6
curl curl(nfjf) = K2nf>r - grad(a)
Expanding A .2.1.7 in to  i t s  components:
1
or
 _  ILJcinfl iir sine lae 3e a<j>
1 d\\>
sine 8cf> } ■
A.2.1.6
A.2.1.7
( K V )  - 843r
l i _r 3r
i i
Be
1  iir bo
A.2.1.8 
A .2.1.9.
1
r sine 3r 3<j)
J  3a A .2.1.10r  sine Be})
a so fa r being a rb itra ry , is  now forced to sa tis fy  the re la tion
A .2.1.11= _ 3(m>) 3r
This condition can be seen to sa tis fy  the e and $ components 
of eq. A.2.1.7, that is  equations A.2.1.9 and A.2.1.10.
In view of eq. A.2.1.11, equation. A.2.1.8 becomes:
!  J jU s i n e  M _ 3 1 3if)r  s i n e  \i)e| 39' 3(f> s in e 3(f) = ( kV )  + —  ( m )3r2
multiplying the last equation by 1/r and using the relation
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1  i l _  u r ) = J _  J L  f r 2 J L  
r  8 r 2 r 2 I  H
we obtain
1 8
»2 9T
'2 j l
8r
1
r 2 sine
8
80 [sine | | ]  + ---- -------------+ K2ip = 0i 0eJ r 2s in 2e 8<}>2
This la s t  equation is  the sca lar Helmholtz equation, w ritten more 
concisely in the form
L ( t|0  + K2ip = 0 A .2.1.12
Recapitulating, solutions to the vector wave equation can be found 
through
E = curl curl(npr) A.2.1.13
where ip s a t is f ie s  the scalar wave equation A.2.1.12. The correspond 
ing H vector is  by eq. A.2.1.5
H = - jcoe curl(npr) A .2.1.14
The so lution derived in  th is  manner however is  not the only one; 
fo r setting
E = jtuy curl(npr)
then equation A .2.1.3 is  sa t is f ie d . Following the same lin e  of 
argument i t  is  possible to construct another set of so lu tions. In 
general both of these so lutions w il l be needed to describe the f ie ld  
one solution corresponding to transverse magnetic, the other to 
transverse e le c tr ic  waves.
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E = curl curl(r \|>1 £ ) + jcoy curl(r $2 jr)
H = - jwe curl(r i|>l _r) + curl curl(r ^2 _r)
That is, in general
l.2.1.15
where both ij/1 and iji2 sa tis fy  the scalar wave equation A.2.1.12
The solution of the sca lar wave equation can be found via the 
method of separation of variab les, see Appendix 2.2. I t  takes the 
form:
* = i  Qnm e x p ( p H ( c o s e )  h j j V r )  A.2.1.16
nm "
where Qnm are complex weighting constants
n = 1,2,....°° 
m = 0, ±1, ±2, ± 3 ,.... ±n
Denoting the Qnm of \f>l by Qlnm and those of $2 by Q2nrn and performing 
the operations implied by A .2.1.15 i t  is  possible to derive the 
so lution to the vector wave equation in the form presented in 
section 3.1.
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APPENDIX 2.2 THE SOLUTION OF THE SCALAR WAVE EQUATION IN
SPHERICAL COORDINATES
In spherical coordinates the sca lar wave or sca lar Helmholtz 
equation
E(tp) + k2 ip = 0 A .2.2.1
becomes
i _  J L
v.2
y»2 W. 
8r
1 8
r 2sine 86
s i n e  H i +        + k 2 \p = 0
' r 2s in 2e 8(j>2
A.2.2.2
This equation can be solved through the method of separation of 
variables. Assume that ip can be expressed as:
ip = F(r) F(e) F(<p) A .2.2.3
then A.2.2.1 separates in  three ordinary d iffe ren tia l equations
d2
d<p2
1 d 
sino cfe
F(4») + m2 F(<p) = 0
s in 2 ifc F(e) 2 _
and
3 "  '3 ?  f r 2 3 r  F(r)]
L J  F(0)i n 2 0^
k 2  -  4 ]  F < r >  =  0
= 0
A .2.2.4
A.2.2.5
A .2.2.6
I t  can be shown that the so lu tion to A .2.2.5 is  uniformly and 
absolutely convergent in  0 < 0 < m i f  and only i f  a2 = n(n + 1) where 
n is  an integer.
The solutions to the la s t  three equations is  thus
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E(<i>) - exp(j m <f>) 
F(e) = P n ( c o s e ) A.2.2.7
F(r) = Z(kr)
where Pn^ (cose) is  the associate Legendre polynomial of degree n 
r  /;■. •. • order m,and argument cose.
z(kr) is  any one of Bessel functions or any linea r 
combination of them.
However in  case the so lution to A.2.2.1 is  required to f u l f i l  
the Sommerfeld rad iation condition corresponding to an outgoing wave 
then Z(kr) must be substituted fo r one spec ific  function namely the 
spherical Hankel function hn^^(kr). Thus the so lution of A.2.2.1 
becomes
\p = exp(j m cf>)Pn I (cose) hn^^(kr) A.2.2.8
the indices n,m taking any integer values as shown below
n = 1,2, oo
m = 0 ,± 1  , ± 2 ............°°
The associate Legendre function however, vanishes fo r |m| > n so 
that m is  actua lly  lim ited  to 0,± l....±n.
F in a lly  since every function in  the form of A.2.2.8, corresponding 
to a l l possible combinations of n and m is  indeed possible, then the 
complete so lution of A .2.2.1 becomes
CO .  .
i|> = y l  Qnm exp(jm<j>) Pn'm‘ (cose) hn^^(kr) A .2.2.9
n=l m=-n
Where Qmn are weighting constants d ictating the proportion at which 
each ind iv idual modal function ex ists in a given s ituation.
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The proof of the various arguments involved in  th is  outline as 
well as a proof of the uniqueness and completeness of A .2.2.9 w ill 
be found in  any advanced text.
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APPENDIX 3.1 THE ORTHOGONALITY OF THE FUNCTIONS Gsnm
The follow ing three properties w i l l be employed in  th is  
section.
lie ’"'"''He Pn‘ 1'"' +n *
fa DJ m | d  n « . | m | . L m:
sm ze
Pnlm > pn■ MU ne de
= snn 2n(n+l) [n+ m )T(2n+1) !n“ m )!
^mjpn*
n v
|m| d 
fifi
lmI . n_|m| d n„,im iPn1'"1 + Pn fie Pn1 de = 0
exp(j m <|>) exp(- j  m' «f>) d4> = 2tt 6mm‘
A .3.1.1
A .3.1.2
A.3.1.3
where <$££' = 0 fo r £ / £'
= 1 £  = £
and P n ^  stands fo r Pnlm^(cose)
The proof fo r A.3.1.1 w il l be found in  any text of intermediate 
d iffe re n t ia l equations dealing with Legendre functions. The proof 
fo r A.3.2.2 and A.3.2.3 is  straightforward and is  omitted.
This section intends to show that:
r2<ir rTT
I =
0
^  I 2
Gsnm.G snm sine de dcj> = —  <snn' 6mm1 Sss* A.3.1.4
—  —  r ,
Let s = s '.  By eq. 3.2.2 and 3.2.4 (section 3.2)
Gsnm = Wnm exp(j m c|») P n ^  Vs + (- l ) s ^  P n ^  Vs+1|
A.3.1.5
taking the complex conjugate G snm, substituting in A .3.1.4 and 
performing the scalar product:
,2 tt
I = Wnm Wn'm' exp(j m <j>) exp(- j  m' <j>)d<|>
fir
J  m(-j m ')  pn |m|  P n | m ' |  + d Pn|mj (dj PA, | m ' |\ e<
s in 2e
Pn '} sine de
by A .3.1,3.1 I = 0 unless m = m '. That is  fo r m = m'
I = Wnm' Wn'm' 2tt •[ iD L J j:  pn lm I pn » im I + d pn lml 4 -  P n 1  ^
V  sin2e
which by A.3.1.1 equals zero unless n = n '. For n = n'
2 n '(n '+l)  (n'+ m' )!
^ 2n '+ l) (n '“ m1 ) I
m d  substituting Wn'm' as given by eq. 3.2.4 (section 3.2)
k2I = —  for s = s ' , m = m' and n = n'
n
I t  remains to show that fo r s / s ' that is  s = s ' + 1, I = 0. Thus
I = (- 1)s+i Wnm Wn'm'
.2 tt
exp(j m (f>) exp(- j  m' <j>)
•f{ isr P"W 1 F"' 1 * Im  1 «
by A .3.1.3, I = 0 i f  m /  m', otherwise fo r m = m'
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I = (- l ) s+1 Wnm' Wn'm' 2tr | j  m' j p j m' I  ^ Pn' Im' I + Pn1 lm< 
gg- Pn|m' '} de
= 0 for a l l values of n due to A .3.1.2. Hence unless s = s ' ,  m = m 
and n = m1 1 =0 .  The resu lt of th is  section can be stated as
k2I = —  <5ss' snn' 6mm' 
q
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APPENDIX 3.2 FOURIER ANALYSIS OF THE NEAR FIELD
In order to carry out the integration in eq. 3.3.1 (section 3.3) 
the tangential component of the measured near f ie ld  e le c tr ic  vector 
et(G,<j>) was expanded in  a 2-DIM Fourier series of the form:
£ t{es(})) = £ _Eyv exp(j .y 0) exp( j v <}>) A.3.2.1
uwhere
r+TT
eT(0 ,cj)) exp(-j y e)'exp(- j  r  d>) de d<f>
o
JEyv = —  
4tt2 ■
and
-IT ”
y = 0,±1,± 2 ,. . . .±yl
V = 0,±1 ;±2,. .. .±\>1
The lim its  yl and v l are, in  practice, dictated by the maximum 
dimensions of the antenna re la t ive  to the operating wavelength.
The coe ffic ien ts  Eyv of eq. A .3.2.1 are determined through'the 
2-DIM Discrete Fourier Transform (DFT). In one dimension the DFT 
takes the form:
N-l
I
K=0
and W = exp(- j  27r/N).
E(n) = I e(K) Wnk n = 0,1........ N - 1 A .3.2.2
In words, the DFT operates on the array of f ie ld  samples e(K) 
returning an array harmonics E(n). I t is  c lear that the sampling 
i n te r v a l  remains constant and that the samples span over 2ir radians. 
These requirements introduce no problem in the case of the <j> transform. 
Contrary to th is  the transform in  0 , is  not a straightforward matter 
and th is  is  so f i r s t ly ,  because the extent of the 0 ordinate is  by 
it s  nature lim ited  to ir radians, and secondly, because the introduction
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of the conducting groundplane reduces th is  extent even further. In 
terms of eq. A .3.2.2 the extent of the index K is  lim ited to 
0 < K < N/4 - I .  I t is  emphasized here that the sample with K = N/4 
corresponding to the surface of the groundplane is  missing, hot 
being possible to position the siizeable uhf probe antenna near enough 
to the m eta llic  groundplane. This particu la r sample is  very import­
ant so fa r as the ve rtica l component of the near f ie ld  is  concerned. 
I t w ill be dealt with la te r in th is  section. For the moment i t  must 
be made c lear that the DFT is  not possible unless some kind of data 
extrapolation is  made use of. The technique adopted here, based on 
the resu lts of section 3.6, is  explained in  what follows. Some 
resu lts of section 3.6 are repeated below. Thus, at the presence of 
the conducting groundplane the electromagnetic f ie ld  can be expressed 
in  terms of only ha lf the number of modes, the other ha lf do not 
sa tis fy  the boundary conditions and thus are not excited. The 
tangential component of the e le c tr ic  f ie ld  is  expressed in  the form:
Certain properties of the functions Apni and Bnm are repeated below: 
1S EH i f  n is  oddnm
n+m even
nm
Q Dinm m  -
where A.3.2.3
Ginm ■ exPU  m ♦) {Anm 1  '  Bnm 1 }
A.3.2.4
—2 nm = exP(j  m +) {Bnm 1  + Anm *}
OH i f  n is  even
A.3.2.5
EF i f  m is  odd
OF if m is even
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Bnm is  EH i f  n is  even
OH i f  n is  odd
EF i f  m is  odd
OF i f  m is  even
A.3.2,6
The meaning of EH, OH, EF and OF w ill be found in  section 3.6.
I t  is  important however to remember that both A m and B _  arenm nm
expressible in terms of a Fourier series with a f in it e  number of 
harmonics and that terms EH, OH, EF and OF re fer to these harmonics.
The terms w ithin brackets in eqs. A .3.2.4 are of importance as 
these describe the e dependence of the e le c tr ic  in tens ity  j?t. The 
ve rtica l component is  examined f i r s t .  Thus it s  dependence on the 
angle e is  described by
Apni i f  n + m even, that is  n even and m even or n odd and m odd 
Bnm i f  n + m odd, that is  n odd and m even or n even and m odd
employing eqs. A .3.2.5 and A.3.2.6, the harmonics of the ve rtica l 
component of eT are found to be:
OH, OF n even m even
OH, OF n odd m even
EH, EF n even m odd
EH, EF n odd m odd
so that independently of index n the ve rtica l component is
OH, OF i f  m even 
EH, EF i f  m odd
A.3.2.7
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Following a s im ila r lin e  of argument the horizontal component is  
found to be:
EH, OF i f  m even 
OH, EF i f  m odd
>.3.2.8
The properties of A .3.2.7 and A.3.2.8 form the basis of the 
extrapolation method applied to the near f ie ld  data, enabling the 
exact prediction of data samples over the entire range 0 < 9 < 2 t t  
from f i r s t  quadrant samples alone. Thus based on well known 
properties of trigonometric functions the samples fo r the second, 
quadrant t t / 2  < e < 2ir, can be derived through
A.3.2.9
A.3.2.10
e(N/4 + K) = e(N/4 - K) fo r (OH, OF) and (EH, EF) 
e(N/4 +K) = - e(N/4 - K) fo r (EH, Of) and (OH, EF)
where K = 1 ,2 , . . .N/4.
The remaining samples re la te  to those in the f i r s t  two quadrants 
through
e(N/2- + K) = - e(K) fo r (OH, OF) and (OH, EF)
e(N/2 + K) = e(K) fo r (EH, OF) and (EH, EF)
where K = l,2 , .. .N /2  - 1.
In a l l these cases i t  is  assumed that there are N equidistant
samples w ith in 0 < e < 2tt, K = 0 corresponding to the sample at e = 0.
In practice of course only the f i r s t  N/4 samples are actua lly  measured, 
the remaining derived via A .3.2.9 and A .3.2.10.
Four further re la tions w il l be quoted below without proof; they 
re la te  to the sample with index K = N/4'corresponding to 0 = tt/2 i.e .
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e(N/4) = e(0) + 2 Y e(K) ( -1 )K cos(4irK/N) fo r  (EH,EF) A .3.2.11
K=1
N /4 -1  K
E(N/4) = - 2 7 e(K) (-!)*• sin(2-rrK/N) fo r (OH,OF) A .3.2.12
K=1
e(N/4) = 0 fo r (EH,OF) A .3.2.13
e(N/4) = 0 fo r (0H,EF) A.3.2.14
Relation, A .3.2.11 is  based on the assumption that e(K) is  expressible 
in terms of the f i r s t  N/4 - 1 even harmonics that is
e(K) = I 2*E(£) * cos(2tt£K/N)
£
where £ = 0 ,2 ,4 . . . .N/2 - 4.
S im ila r ly  fo r A .3.2.12 to be va lid  the f ie ld  must be expressible in 
terms of the f i r s t  N/4 - 1 odd harmonics, such
e(K) = I 2*j*E(£)*sin(2Tr£K/N)
£
where £ = 1 ,3 ,5 ,...N /2 - 3.
In words the conditions imposed above state that i f  the number of 
samples is  reduced by one, e(N/4) not being provided, then the DFT, 
eq. A .3.2.2 can only be applied i f  out of a l l possible harmonics the 
highest harmonic is  not present. Choosing N su ff ic ie n t ly  large these 
conditions are read ily  met.
the surface of the groundplane. Thus
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APPENDIX 3.3 PROPERTIES OF THE FUNCTIONS A _  AND B -----------------  _ nm nm
Functions Anm and Bnm re la te  to the Associated Legendre 
functions of the f i r s t  kind through
Anm = Wnm s W  Pilm | <c o s  9 > ' A- 3 - 3 ' 1
Bnm = Wnm l e  { pi m' ( cos 0 )}  A . 3 .3 .2
where Wnm is  a function of the indices n and m.
Function P^ mJ(cos 0) as defined by Statton takes the form
pi " l<C0‘  ”  " L " ' "  *|lml d(± r ' i " i  • " 1
A .3.3.3
The expression w ithin the.brackets in eq. A.3.3.3, can be expanded 
in a polynomial series. Thus
(cos2e - l ) n = (cos e)2n + En_1 (cos e)2n~2 +   + Eq A.3.3.4
where Es are real-;'coefficients independent of 9 .
The d iffe ren tia tion  indicated in  eq. A .3.3.3 can be carried out on 
the expansion of A .3.3.4 so that
dn+|m
d(cose)
n+|¥T { (c0s2e ■ 1)n} = BK(cose)n" W  + Bk - 1(C0S e)n_'ml- 2
+........... A .3.3.5
where Bs/are real coe ffic ien ts independent of 0 .
F in a lly  multip ly ing a l l  terms of the la s t expression by the 
term (sin 0 )^ ml appearing in  eq. A .3.3.3 resu lts in:
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pj^ fcos e) = Fk(cos e)n" lml(s in  e ) lml + FK_x(cos e)n~lml~2(sin e ) lmU .,
A .3.3.6
the Fs again being real coe ffic ien ts  independent of e.
The trigonometric functions cos e and sin e are knov/n to be expressible 
by a f in it e  length complex Fourier series according to
cos e = i  (z + z*-1) A .3.3.7
sin e = (z - z” 1)
where z = exp(je)
A.3.3.8
A.3.3.9
i  KIt follows that (cos e) and (sin e) , where both i and K are integers, 
are themselves expressible in  a Fourier series of the form:
(cos e)1 = I Ctz \ £ = i , i - 2 , ___ i+2, - i
£
(sin e)K = K I D z Z, £ = i ,  i - 2 , ----- - i+ 2 ,-i
A .3.3.10
A.3.3.11
Note that owing to eqs. A .3.3.7 and A .3.3.8, the Cs and Ds in the 
above expression are real and that
c * = c - *  
d a ■ D- »
= - D
- £
irrespective  of i 
only fo r K even 
only fo r K odd
A.3.3.12
The expressions in eqs. A.3.3.10 and A .3.3.11 can be m ultip lied
together on a term by term basis to form:
(cos e)n(sin e)R = £ G z£, £ = i+ K ,i+ K -2 ,..- i-K+ 2 ,-i-K .. A.3.3.13
- 159 -
The follow ing properties of coe ffic ien ts Gs are derivable from eqs. 
A .3.3.10, A .3.3.11 and A .3.3.13
G are real i f  K is  even
Xj
imaginary i f  K is  odd
A.3.3.14
G_£ = G^  i f  K is  even
= -Gh i f  K odd
£
i  KIn words, eq. A .3.3.13 states that a product (cos e) (sin  e) is  
expressible in  a F in ite  length complex Fourier series of degree 
i + K. This series is  lim ited  to e ither even or odd harmonics 
(powers of z) depending on the sum i + K being even or odd. Further­
more a number of properties of the coeffic ients Gs are dependent on 
K according to eq. A .3.3.14.
By A .3.3.5 the Legendre functions are expressible as a sum of 
i  Kfactors, lik e  (cos e) (sin e) . The sum of the indices i + K ranges
from n, n - 2, n - 4---- - a l l  powers being even or odd depending on n
being even/odd respective ly. I t  follows that P ^ fc o s  e)
a) is  expressible in  terms of a f in it e  size Complex Fourie r'se ries of 
the form:
pJim1(cos 9) = I GjZ* A .3.3.15
b) £ is  e ither even fo r n even
or odd fo r n odd
c) £ ranges from n to - n
furthermore as the |m| in  eq. A .3.3.6 corresponds to the K in 
eq. A .3.3.13 and in  view of eq. A.3.3.14
- 160 -
d) G^  are real i f  m is  even
imaginary i f  m is  odd
e) G_^  = G£ i f  m is  even
= - G£ i f  m is  odd
By eq. A .3.3.2, the function Bnm is  f i r s t  the derivative of eq. A .3.3.15 
with respect to e.  Since:
dz* _ d 
cTe”  cfe ’ exP(d£0)} =
Bnm "  |  V *  = wnra [
where the Gs are the expansion coe ffic ien ts of the function P^ ml(cos e ) .
In view of the factor the coe ffic ien ts Q have the following
&
properties modified:
Q£ are real i f  m is  odd
imaginary i f  m is  even
Q..^  = Q£ i f  m is  odd
= - Q£ i f  m is  even
Eq. A.3.3.6 can be modified in  view of the factor jm/sin e in eq.
A.3.3.1 so that the follow ing expansion fo r function Anm is  derived
Anm = d{SK^ cos e)n~ ^ ( s in 0)^ "*+  S ^ c o s  e)n“ lml" 2(sin
A.3.3.15
and follow ing an identica l lin e  of argument, Anm is  shown to be 
expressible in  a f in it e  length complex Fourier series of the form
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Anm “ I C£Zjl
A/
where
a) £ is  e ither even fo r n odd
or odd fo r n even
b) £ ranges from n - 1 to - n + 1
c) is  real i f  m is  even
imaginary i f  m is  odd
d) C_£ = C£ i f  m is  odd
= “ C i f  m is  even
APPENDIX 3.4 INTEGRALS INVOLVED IN THE ANALYSIS OF SNFF
The follow ing two in teg ra ls are employed frequently in section 
3. They w ill be proved in the follow ing line s.
a) Ivm =
'27T
exp(jv<j>) exp(-jm<f>) d<f>
for v = m then Ivm = 
otherwise (for v / m)
2 tt
=  2 tt
Ivm =
'2-ir
exp[j(v-m)<fi] d(j)
j(v -m ) [exp(j(v-m)2Tr)-l]
= 0 since v-m is  integer quantity. 
I t  can thus be written as
Ivm = 2ir6vm
where <5: is  the Kronecker delta.
b) Iyc =
nr
exp(jye) exp(-jce) sine de
A.3.4.1
w riting sine in i t s  exponential form and performing the m u ltip lica tions
PTT
I y c  = 7 J {exp[j(y-c+1)6]-exp[j(y -c -1 )0] > de
For y-c = ±1 I can be expressed as:
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l y  c = + = ± j  y
For y-c/± l, I becomes:
I,JC = I I  W -T hT )- e x p [ j e ( y - c + l ) ]  - 'j t / c - T ) - exp[je(p-c-1 ]}
and performing the indicated manipulations:
lyc = -{exp[ j  0 (y- c) ] / 2 [ (y- c)2_ 1 ] }*
*{2 j ( y - c ) s i n e - 2  c os e }
1
l> (y -e )2]
Hence
IyC =
l - ( y - c ) 2
*{l+exp[j7T(y-c)]>
fo r y - c  = 0S±2,±4.. . .
= 0 fo r y-c = ±3,±5
= ±j fo r y-c = ±1
A.3.4.2
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APPENDIX 3.5 NORMALIZED FAR FIELD RADIAL FUNCTIONS 
The functions
Rln = hnI)(Kr) A.3.5.1
R2n = TKrJ cT{WFy {(Kr) hn frKr)} A.3.5.2
describe the rad ia l dependence of the spherical modes. The spherical 
Hankel function of the f i r s t  kind hJ^(Kr) can be expressed as
L ( K r )  = (- j ) n+1(Kr)-iexp(jKr) \  q i(n -q )i W 9 A.3.5.3
Of importance to the fa r f ie ld  transformation is  the asymptotic form 
of the functions Rln and R2n as Kr * °°. Allowing Kr to increase, the 
terms (- 2 jKr)_Ci w ith in the summation in  eq. A.3.5.3,decrease so that
as Kr tends to in f in it y  the summation tends to the f i r s t  term,
(- 2jKr)° = 1. Hence the asymptotic form of Rln is
RFlrl = (- j)n+1(Kr)_1exp(jKr) A.3.5.4
M ultip ly ing eq. A.3 .5.'3 by (Kr)} performing the d iffe ren tia tion  
indicated in  eq. A.3.5.3 and f in a l ly  examining the l im it  of the 
resu lting  expression fo r Kr + °°, the asymptotic form of R2n is  found 
to be:
RF2n = (- j ) n (Kr)_1exp(jKr) A.3.5.5
Since (- j ) n+1 = exp{2j(n + 1)n/2}
the asymptotic forms of RJn and R2n may assume an a lternative  form
according to
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RFln = (Kr)“ 1exp{jKr - j(n  + 1)^/2}
RF = j  (Kr)_1exp{jKr - j(n+1 )tt/2}2n
A.3.5.6
F in a lly  since the factor (Kr)“ 1exp(jKr) is  common to both eq. A .3.5.4 
and A .3.5.5, i t  is  possible to use normalized rad ia l functions in the 
course of the SNFF without any change to the fa r f ie ld  pattern.
These normalized.functions are derivable from eqs. A .3.5.4 and 
A .3.5.5 by omitting the factor (Kr)_1exp(jKr) so that
NRFln = (- j ) n+l
NRF2n = ( -  J ) "
A.3.5.13
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APPENDIX 4
SNFF Fortran Programme
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SPH E R IC A L  NEAR TO FAR  F IE L D  TRANSFORMATION
DOUBLE P R E C IS IO N  F U N ( 1 0 2 4 ) ,D R ( 8 ,2 ) ,D l( 8 , 2 )
DOUBLE P R E C IS IO N  Q R L (2 3 5 ) , Q I M ( 2 3 5 ) ,E R L ( 2 ,1 5 ) ,R I M ( 2 , 1 5 ) , F ( 8 ) , Q (2 )  
DOUBLE P R E C IS IO N  R A D IU S , C A L ,S IG N ,S IG N 1 , DBRL, D B IM ,T R L , T IM , P I 2 
DOUBLE P R E C IS IO N  A , S IG N A , S IG N B , SIGN2 
CO M M O N /FRR1/DRL(10 2 4 ) / F R R 2 /D IM (1024 )
c -----------  --------------------------- ------
c
C * * * D E F IN IT IO N  OF INPUT/O UTPUT LO G IC A L  U N ITS  AND
n
INPUT/O UTPUT FORMAT***
C I /O  NO NAME OF F I L E f o r m a t ; LAYOUT
C W1 TT Y
C R3 TTY
C R4 N E A R F IE LD ( 1 X ,2 E 9 .3 ) R L  PART IM  PART
C RW5 FARTHETA (1 X , D18 . 1 0  )
C RW6 FA R PH I ( 1X, D18 . 1 0 )
C RW7 FUNCTI0NR1 (1 X , 2D18 . 1 0 ) R L  PART IM  PART
C RW8 FU N CT I0N R2 ( 1X, 2D18 . 1 0 ) RL PART IM  PART
C RW9 NEARTHETA ( 1X, D1 8 . 1 0 )
C RW10 N EARPH I ( 1 X ,D 1 8 .1 0 )
C W11 C O E FF . QSNM ( 1 X ,2 D 9 .3 ) RL  PART IM  PART
C W12 F A R F IE L D  THETA PO L . (1 X ,D 9 * 3 )
C W13 
C
F A R F IE L D  P H I  PO L . ( 1 X .D 9 .3 )
qji CONTROL PA R AM ET ER S*******************
C
ACTION
READ FARTHETA AND FA R PH I /C A L L  ABNM
READ FUNCTI0NR1 AND FU N C T I0 N R 2 /C A LL  HANKEL 
READ NEARTHETA AND NEARPH I /C A L L  IA B  
STOP/GENERATE FAR  F IE L D
C PARAM. VALUES
C NOTAB = 1 /0
C NOTHA * 1 / 0
C NOTIAB= 1 /0
C NOTFF = 1 / 0
C --------------------------------
C
C
D E F IN IT IO N
NO OF PO IN TS  IN  THETA ORDINATE 
NO OF PO IN TS  IN  PH I ORDINATE 
THE DEGREE OF THE H IGHEST MODE 
THE ORDER OF THE H IGHEST MODE
THE H IG HEST  NON ZERO THETA HARMONIC INTEGER ODD .L E .1 5 *
THE MEASUREMENT RAD IU S IN  W/LENGTHS DOUBLE P R E C . .G E .  0 . 5
C A L IB R A T IO N  FACTOR DOUBLE PR EC .
PARM.
MAXN
MAXM
L IM IT N
L IM IT M
NBW
RAD IUS
CAL
TYPE
INTEGER POWER OF 2 
INTEGER POWER OF 2 
INTEGER . L E . 1 5  .G E .2  
INTEGER . L E . 1 5  .G E .O
C 
C 
C 
C 
C 
C 
C 
C
C --------------------------------
C
OF PA R A M ET ER S***********************
C
LAYOUT
NOTAB NOTHA N O TIAB  NOTFF MAXN MAXM L IM IT N  LIM ITM  NBW RAD IU S CA L  
F 0 R M A T (1 X ,4 I1  , 5 I 2 ,D 6 . 3 ,D 9 * 5 )
C 
C 
C
C ------------------------------------------------------------
C
C
R EAD ( 2 , 5 )N 0T A B ,N O TH A , N O T IA B , N O T FF ,
1MAXN, MAXM, L IM IT N , L IM IT M , NBW, R A D IU S , CAL 
F 0 R M A T ( 1 X , 4 I 1 ,5 I 2 ,D 6 . 3 ,D 9 . 5 )5
C ------------------------------------------------------------
C
C
I=MAXO(NOTAB, NOTHA, N O T IA B ,N O T FF )
j =m i n o (n o t a b , n o t h a , n o t i a b , n o t f f )
I F ( l . L E . 1 . a n d . j . g e . o ) g o t o i  5
W R IT E (1 ,1 0 )
10 FORMAT(1 X , 23HBAD CONTROL PARAM ETER/S )
G0T01 2 0
15 I F ( L IM IT N . G E . L IM IT M . AND. L IM IT N .L E .1 5 ■ A N D .L IM IT N . G E . 2 . AND .
1L IM IT M .G E .0 )G 0 T 0 3 5  
I F ( L I M I T N .G T .1 5 .0 R .L I M I T N .L T .2 )W R IT E (1 ,2 0 )
I F ( L I M I T M . G T .1 5 • OR. L IM IT M . L T . 0 )W R ITE( 1 ,2 5 )
I F ( L IM IT N .L T .L IM IT M )W R IT E (1 ,3 0 )
GOT0 1 2 0
20  FORMAT(1 X ,4 1 H L IM IT N  MUST BE  BETWEEN 2 AND 15 IN C LU S IV E )
25 F O R M A T (IX ,4 1HLIM ITM  MUST BE BETWEEN 0  AND 15 IN C LU S IV E )
30  FO R M A T (1X ,41H L IM IT N  MUST BE  GREATER OR EQUAL TO L IM IT M )
35 DO 40  1 = 1 ,4
IF (M A X N . E  Q.2 * * 1 ) G0T045 
40  CONTINUE
W R IT E (1 ,6 0 )
MAXN=0 
45 DO 50 1=1 ,7
IF (M A X M .E Q .2 * * ( 1 - 1 ))G 0 T 0 5 5  
50 CONTINUE
W R IT E (1 ,6 5 )
G 0T0120
55 IF (M A X M .G T .4 * M A X N )W R IT E (1 ,7 0 )
IF (M A X M .L T . L IM IT M )W R IT E ( 1 ,7 5 )
I F  (MAXM. L E . 4*MAXN. AND. MAXM. G E . L IM IT M . AND. MAXN. N E . 0 ) GOTO80 
G 0T0120
60 FORMAT(1 X , 38HMAXN MAY ONLY TAKE THE VALU ES 2 , 4 , 8 , 1 6 )
65 FORMAT( 1X,46HMAXM MAY ONLY TAKE THE VALUES 1 , 2 , 4 , 8 , 1 6 , 3 2 , 6 4 )
70  FORMAT(1 X , 36HMAXM MUST BE LE S S  OR EQUAL TO 4*MAXN)
75 F0RM AT(1X ,39H M AXM  MUST BE  GREATER OR EQUAL TO L IM IT M )
80  I F (M 0 D (N B W ,2 ) .E Q .1 . A N D .N B W .G T .O .A N D .N B W .LT .16 )G 0 T 0 85
W R ITE ( 1 ,9 5 )
G0T012O
85 IF (N B W .L T .2 * M A X N -1 )G 0 T 0 9 0
W R IT E (1 ,1 0 0 )
GOT01 20
90  IF (N B W .G E .L IM IT N )G 0 T 0 1 1 0
W R IT E (1 ,1 0 5 )
G0T012O
95 FORMAT(1 X , 43HNBW MUST BE  AN ODD INTEGER BETWEEN 0 AND 16 )
100 FORMAT(1 X , 30HNBW MUST BE  LE S S  THAN 2*MAXN - 1 )
105 FORMAT(1X,34HNBW  SHOULD NOT BE  LE S S  THAN L IM IT N )
110 I F (R A D IU S .G T .0 .5 D 0 )G 0 T 0 1 30
W R IT E (1 , 1 1 5 )
115 FORMAT(1 X ,4 5H R A D IU S  MUST BE  GREATER THAN 0 .5 D 0  WAVELENGTHS)
120  W R IT E ( 1 ,1 2 5 )
125 FO RM AT(1X ,18HPR0GRAM  TERMINATED)
STOP
C --------------------------------
C
C********C O N D IT IO NAL  CREATION  OF FUNCTIONS A ,B ,A I ,A B ,R 1 ,R 2 * * * * * * * * * * * * *  
C
130  IF (N O T A B .E Q .O )C A L L  A B N M (L IM IT N ,L IM IT M )
MAXK=(NBW +1)/2
I F (N O T IA B . EQ . 0 ) CALL  I A B ( L IM IT N , L IM IT M , M AXK)
P I 2 = 8 .ODO*DATAN( 1 .ODO)
RAD IU S= RAD IU S*PI2
IF (N O T H A . EQ . 0 ) CA LL  H AN KEL( L IM IT N , R A D IU S )
C --------------------------------
c
OF MODAL C O E FF IC IE N T S  Q SN M **************
C
M A X Q = L IM IT N * (2 * L IM IT M + 1 )-L IM IT M * (L IM IT M -1 )
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DO 135 1= 1 ,MAXQ 
Q R L ( l)= .O D O  
135 Q IM ( l)= .O D O
MAXDT =MAXN*MAXM 
NEG=MAXM*MAXN+MAXK+2
MAXI = ( ( LIM ITN+1 ) /2 + L IM IT N * L IM IT M -(L IM IT M * (L IM IT M -1  )) /2 )* M A X K
DO 185 IP O L= 1 ,2
LC IP = 8+ IP O L
R E A D ( L C I P , 1 4 0 ) ( F U N ( l) , 1= 1 ,M A X l)
140 FORMAT(1 X , D18 . 1 0  )
R EAD ( 4 , 1 4 5 ) ( D R L ( I ) , DIM ( I ) , 1 = 1 ,MAXDT)
145  F 0 R M A T (1 X ,2 E 9 .3 )
CA LL  FRR (M AXN , M A X M ,IP O L ,1)
M=0
NBEG IN = IPO L
NSTEP=2
MAXJ=1
IM AG1=1
IMAG2=2
IM A G 3 = 3 -IP 0 L
INDEXF=0
IN D E X Q = IP0 L -2
S IG N 1 =(-1 ,O D O )* * ( IP O L+ 1 )
150 I F (M .G T .L IM IT M )G 0 T 0 1 8 5  
INDEXM=M+1 
SIGN=SIGN1 
INDEXD=M*MAXN+1 
D0 160  J= 1 ,M A X J 
DO 155 K=1,M AXK 
D R (K , j)= D R L ( IN D E X D )
D I ( K , J )= D IM ( IN D EXD )
155 INDEXD=INDEXD+1
160 INDEXD =NEG- INDEXD
DO 180  N = N B E G IN ,L IM IT N ,N S T E P  
DO 165 K=1,M AXK 
IND EXF-IN DEXF+ 1 
165 F (K )= F U N (IN D E X F )
DO 175 J= 1 ,M A X J  
Q (1 )= .0 D 0  
Q (2 )= .0 D 0
INDEXQ=INDEXQ+NSTEP 
DO 170  K= 1,M AXK 
Q( 1 ) = Q (1 ) + F (K ) * D R ( K , j )
170  Q ( 2 )= Q ( 2 ) + F ( K ) * D I ( K ,J )
Q R L( IN D EXQ ) =QRL( IN D EXQ ) + Q ( IM A G 2 ) * S IG N * ( - 1 . DO) **IMAG1 
Q IM (lN D E XQ )= Q IM (lN D E XQ )+ Q (lM A G 1  )* S IG N  
175 S IG N = SIG N *S IG N 1
IF (M .E Q .O )G O T 0 1 8 0  
IMAG1=IMAG2 
IMAG2=3“ IMAG2 
18 0  S IG N = SIG N *S IG N 1
IMAG2=IMAG3 
IM AG3= 3-IM AG3 
IMAG1=IMAG3 
MAXJ=2
I F ( M . E Q . 0 . AND. ( L IM IT N -IN D E X Q ) . E Q . 1 ) INDEXQ=INDEXQ+1
M=M+1
NBEGIN=M
NSTEP=1
G 0T 0150
185 M A X I= M A X I-M A XK*M O D (LIM IT N ,2 )
READ ( 7 , 1 9 0 ) ( R R L ( 1 ,N ) , R I M ( 1 , N ) ,N = 1 , L IM IT N )  
R E A D ( 8 ,1 9 0 ) ( R R L ( 2 ,N ) ,R I M ( 2 ,N ) ,N = 1 , L IM IT N )
190  FORMAT(1 X , 2D18 . 1 0 )
M=0
MAXJ=1
NBEGIN=1 
INDEXR=2 
INDEXQ=1 
S IG N 1 =1.DO 
PW=. ODO 
195 IF (M .G T .L IM IT M )G 0 T 0 2 1 0  
DO 205  N = N BEG IN ,L IM ITN  
SIGN= 1.DO  
DO 2 0 0  J= 1 ,M A X J 
TRL= QRL( IND EXQ ) *SIG N  
TIM=QIM( IND EXQ ) *SIG N
D BRL= CAL*( T R L* R R L ( IN D E X R ,N ) -T IM * R IM ( IN D E X R ,N ) )
D BIM = CAL*( T IM * R R L ( IN D E X R ,N ) + TRL*R IM ( IN D EXR , N ) )
QMD=DBRL**2+DBIM**2
PW=PW+QMD
QMD=SQRT(QMD)
W R IT E (1 1 ,2 2 0 )Q M D ,D B R L ,D B IM ,N ,M  
QRL(IN DEXQ )= DBRL 
Q IM (INDEXQ )= DBIM  
SIGN=SIGN1 
200  INDEXQ=INDEXQ+1 
SIGN1 =~SIGN1 
205  IN D EXR= 3-IN D EXR  
MAXJ=2 
M=M+1 
NBEGIN=M 
INDEXR=1
S IG N 1 = -(-1  .DO )**M  
G 0T0195 
210  W R IT E (1 1 ,2 1 5)PW
215 FORMAT( 1 X ,15HRADIATED  P 0 W E R = ,F 6 .3 )
22 0  F 0 R M A T ( F 6 .3 , 3 X ,D 9 .3 , 3 X ,D 9 . 3 ,3 X , I 3 , 3 X , I 4 )
IF (N O T F F .E Q .1 )S T O P
C -------------------------------
C
Q***'3Hf*#***#*-#**Qg}jERATI0N o f  FA R  F IE L D  ** * * * * * * * * * * * *
C
M 1 = ( LIMITM+1 ) /2+  ( ( L IM  IT N -L IM IT M  ) / 2  ) * (  ( L IM  ITN+LIMITM+4 ) / 2  ) +
1 ( 1 -M O D (L IM IT N ,2 ) )* (L IM IT N /2 + 1  )
M2=( ( L IM IT N -LIM ITM + 1  ) / 2 ) * (  (LIM ITN+LIM ITM + 1 )/2 )+ M 0 D (L IM IT N , 2 ) *  
1 (LIM ITN+1 ) / 2
MEVEN =LIM ITM -MOD( L IM IT M ,2 )
M3= ( L IM IT N *  ( LIM ITN+1 ) * (  LIM ITN + 2 ) ) / 6 -  ( ( LIM ITN -M EVEN  ) *  ( L IM IT N -  
1MEVEN+1) * ( 2*LIM ITN + M EVEN + 4)) / 1 2 
MAXN=8 
MAXM=32
MAXDT =MAXN*MAXM 
DO 295 . IP0L=1 ,2  
DO 31 0  1 = 1 ,MAXDT
d r l ( i ) = .o  
3 1 0  d i m ( i )= .o
LC IP = 4 + IP 0 L
M A X F = M 3 + ( ( ( L IM IT N + 2 - IP 0 L ) / 2 ) * ( ( L IM IT N + 3 * IP 0 L ) / 2 ) ) / 2  
IF ((L IM IT M -M E V E N ).E Q .1 .A N D .IP 0 L .E Q .1 )M A X F = M A X F + M 1  
I F ( (L IM IT M -M E V E N ) .E Q . 1 .A N D .IP0L .EQ .2 )M A XF= M A XF+ M 2 
R E A D ( L C I P ,2 2 5 ) ( F U N ( I ) , 1=1 ,M AXF)
225  F 0 R M A T (1X ,D 18 . 1 0 )
MAXK=( L IM IT N + IP O L ) / 2  
DO 2 3 0  K= 1,M AXK  
D R (K ,1 )= o . o do  
230  D I ( K , 1 )= 0 .0 D 0  
SIGN=1.ODO  
M AXI= IPO L  
INDEXF= 0
DO 24 0  N = IP O L ,L IM IT N ,2 
Q (1 )= Q R L (N )* S IG N
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240
245
235
250
255
260
265
270
275
280
285
Q (2 )= Q IM (N )* S IG N  
DO 23 5  1= 1 ,M AXI 
INDEXF=INDEXF+1 
A = FU N (lN D EX F )
D R ( I ,1 ) = D R ( I ,1 ) + Q ( l) * A
D I ( I , 1 ) = D I ( I , 1 ) + Q ( 2 ) * A
MAXI=MAXI+1
S IG N = -S IG N
IND EXD =0
DO 245  K= 1,M AXK
INDEXD=INDEXD+1
D R L ( IN D E X D )= D R (K ,1 )
D IM ( IN D E X D )= D I(K ,1 )
I F ( L IM IT M .E Q . 0  ) GOTO 285  
IND EXQ = LIM ITN
NEVEN= (1 -M O D( L IM IT N , 2 ) ) * ( - 1 ) * * IP O L
SIG N B= -1 .O D O
S IG N 2= (-1  . O D O )**IPO L
IM A G 2 = 3 -IP 0 L
M A X I1=1
M A X I3 = IP 0 L -1
MAXK=( L IM IT N + IM A G 2 ) / 2
DO 2 8 0  M M  , L IM IT M
DO 25 0  J = 1 ,2
DO 2 5 0  K= 1 ,M AXK
D R (K ,J )= 0 .0 D 0
D l( K , j )= O .O D O
SIGNA= 1-2  *M OD(M +IPOL,2 )
S IG NB= SIG N B*SIG N A
SIGN= SIGNB
SIG N1= SIG N 2
IMAG1=IMAG2
M AXI= M AXI1
M A X I2 = 2 -IP 0 L
DO 265  N = M ,L IM ITN
DO 2 6 0  J= 1 ,2
INDEXQ=INDEXQ+1
Q (IM A G 1 )= Q R L(IN D EX Q )*S IG N
Q (3 -IM A G 1 )= Q IM (IN D E X Q )*S IG N *S IG N 1
DO 25 5  1= 1 ,M AXI
INDEXF=INDEXF+1
A=FUN( IN D E X F )
D R ( I , J ) = D R ( I , J ) + Q ( 1 ) * A
D l ( l ,  J ) = D I ( I , J ) + Q ( 2 ) * A
IN D EXF= IN D EXF -M AX I
SIG N = SIG N *SIG N A
SIG N= SIGN *SIG N A
SIG N A = -S IG N A
INDEXF= INDEXF+M AXI
M AXI=M AXI+M AXI2
M A X I2=1-M A X I2
S IG N1= -SIG N 1
IMAG1=3-IMAG1
INDEXD=M*MAXN
DO 275  J - 1 , 2
DO 2 7 0  K= 1,M AXK
INDEXD=INDEXD+1
D R L ( IN D E X D )= D R (K ,J )
D IM ( IN D E X D )= D I(K , J )
INDEXD=MAXDT+MAXK-INDEXD 
M A X I1=M AXI1+MAXI3 
M A X I3=1-M A X I3 
MAXK=MAXK+NEVEN 
NEVEN=-NEVEN
CA LL  FR R (M AXN , MAXM, I P O L ,2 )
LC 0P= 11+ IPO L
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W R I T E ( L C O P ,2 9 0 ) ( D R L ( l ) , D I M ( l ) , I , I = 1 , MAXDT) 
2 9 0  FORMAT(1 X , 2 E 9 .3 » 3 X ,1 4 )
295 CONTINUE 
STOP 
END
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SUBROUTINE FRR (M AXN , M A X M ,IP O L ,IN V )
DIMENSION D R L(1 024  ) , DIM (1 0 2 4  ) , ID X ( 64 )
DOUBLE PR EC IS IO N  F R L ( 6 4 ) , F I M ( 6 4 ) , C ( 3 2 ) , S ( 3 2 ) , C 1 ( 1 6 ) , S 1 (1 6 )  
DOUBLE PR EC IS IO N  ARG , DARG, S G ,D IN V ,T R L ,T IM ,C S ,S N  
C0MM0N/FRR1 /D R L /FR R 2 /D IM /A U X 1  / ID X  
C 0 M M 0 N /F F T 1 /F R L /F F T 2 /F IM /F F T 3 /C /F F T 4 /S  
D IN V= - ( (-1  . DO )**TNV)
IF (M A XM .E Q .1  .O R .IN V .E Q .2 )G 0 T 0 3 0  
170 CALL  AUXFRR(MAXM, MAXM, MAX J ,  LOG, 1 , DARG, D IN V ,1  )
DO 10 N=1,MAXN 
J=N
DO 20  M=1,MAXM
f r l (m )=d r l ( j )
F IM (M )= D IM (J)
20  J=J+MAXN
CALL  F F T (M A X J ,L O G ,1 , 0 )
J=N
DO 10 M=1,MAXM 
INDEX=IDX(M )
D R L (J )= F R L ( IN D E X )
D IM (J )= F IM (IN D E X )
10 J=J+MAXN
I F ( IN V . EQ . 2 )RETURN 
30  MAXN4=4*MAXN 
M ULT= 3-INV 
NEG1=MAXN4+5-INV
CALL  AUXFRR (M AXN4, MAXN, MAX J , LO G , M ULT, DARG, D IN V , IN V )
I F ( I P O L .E Q .2 . O R .IN V .E Q .2 )G 0T05O  
SG=2. DO
DO 40  N=2,MAXN
C1 (N )= -SG *D C O S (D B LE (FLO A T ( 2 * N - 2 ) ) *DARG)
S1 (N )=  S G * D S IN (D B L E (F LO A T (N -1 ) )* D A R G )
40  SG=-SG
C 1 ( 1 )=1.ODO 
S 1 (1 )= 0 .0 D 0  
50 S G = -( ( -D IN V ) * * I P 0 L )
I0DD=( 4 - I N V - I P O L ) / 2  
NEG=( 4 -IN V + IP O L ) /2+ M AXJ 
J=1
MAXNP1=MAXN+1 
DO 60  M=1,MAXM 
FRL(MAXNP1 )= .o d o  
F IM (M A X N P1 )= .o d o  
DO 70  N=1 ,MAXN 
F R L (N )= D R L ( J )
f i m ( n )=d i m ( j )
INDEX=NEG-N
F R L ( IN D E X ) = SG*FRL( N )
F IM ( IN D E X )=SG *F IM (N )
70  J=J+1
I F ( I P 0 L .E Q .2 .0 R . I N V .E Q .2 ) G 0 T 0 1 20
TRL= . ODO
TIM=.ODO
IF ( I0 D D .E Q .1 )G 0 T 0 9 0  
DO 80  N=1,MAXN 
ARG=C1 (N )
TRL= TRL+ ARG*FRL(N )
80  TIM=TIM+ARG*FIM( N )
GOTO 110 
90  DO 100  N=1,KAXN
ARG=S1(N)
t r l =t r l +a r g *f r l ( n )
100  TIM = TIM + ARG*FIM (N)
110  FRL(MAXNP1 )=TRL
FIM (M AXN P1)= TIM  
120  CALL F F T (M A X N ,L 0 G ,2 ,I0 D D )
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J= J-M AXN
DO 130  N=1,MAXN
IN D EX= ID X(N )
D R L ( j)= F R L ( IN D E X )
D IM ( j)= F IM ( IN D E X )
130  J=J+1
SG=SG*DINV 
NEG=NEG1-NEG 
60 I0 D D = 2 -IN V -I0 D D
IP ( IN V .E Q .1 )R E T U R N  
DO 14 0  N=1,MAXN 
A R G = D B LE (FLO A T (N -1 ))*D A R G  
C1 (N )= D C0S (A R G )
140 S 1 (N )= D S IN (A R G )
J = ( lP 0 L - 1  )*MAXN+1 
DO 150  M=1,M AXM ,2 
DO 160  N=1,MAXN 
TR L= D R L(j )
T IM = D IM ( j)
CS= C1(N )
SN= S1(N )
D R L ( J ) = CS*TR L-SN *TIM  
D IM (J)= CS*T IM + SN *TR L  
1 60 J=J+1
1 50 J= J+MAXN 
GOTO 170 
END
SUBROUTINE F F T ( l1  , L O G ,L B E G IN ,IO D D )
DOUBLE PR E C IS IO N  F R L ( 6 4 ) , F I M ( 6 4 ) , 0 ( 3 2 ) , S ( 3 2 ) , C S ,S N ,T R L ,T IM
C 0 M M 0 N /F F T 1 /F R L /F F T 2 /F IM /F F T 3 /C /F F T 4 /S
JUMP=1
N0DE=I1
DO 30  L= LBEG IN ,LO G
INDEX=I0DD*JUMP+1
K=1
DO 20  J= 1 , JUMP 
CS= C(IN D EX)
SN = S(IN D EX)
DO 10 1 = 1 ,NODE 
KPNODE=K+NODE
TRL=C S * F R L (KPNODE)+ S N *F IM ( KPNODE)
TIM=C S * F IM ( KPNODE) - S N * F R L (KPNODE)
F R L (K P N O D E )= F R L (K ) -T R L  
F IM (K P N O D E )= F IM (K )-T IM  
F R L (K )= F R L (K )+ T R L  
F IM (K )= F IM (K )+ T IM  
10 K=K+1
INDEX=INDEX+1 
20  K=K+NODE
JUMP =2* JUMP 
30  N0DE=N0DE/2 
RETURN 
END
SUBROUTINE AU XFR R (M AX1 , M A X 2 ,M A X J ,L O G ,M U L T ,D A R G ,D IN V ,IN V )  
DOUBLE P R E C IS IO N  D A R G ,A R G ,D IN V ,C ( 3 2 ) ,S ( 3 2 )
DIMENSION ID X (6 4 )
C 0 M M 0 N /A U X 1 / ID X /F F T 3 /C /F F T 4 /S  
LO G = .2+ ALO G (FLO AT (M AX1) ) / A L 0 G ( 2 . )
DARG=8. DO*DATAN( 1 . D O )/D B L E (F L O A T (M A X 1 ) )
MAXJ=MAX1/2 
DO 10 J= 1 ,M A X J
ARG= DARG*DBLE(FLOAT( I B I T R ( 2 * J - 2 , LOG ) ) )
c ( j )= d c o s ( a r g )
10 S ( j)= D S IN (A R G )* D IN V
DO 20  J -1 ,M A X 2  
20  I D X ( j) = I B I T R ( M U L T * ( j - 1  ) ,L 0 G ) / IN V + 1
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RETURN
END
FUNCTION I B I T R ( J , K )
J1 = J  
I B I T R O  
DO 10 1= 1 ,K  
J 2 = J 1 /2
IB IT R = IB IT R * 2 + ( J 1- 2 * J 2 )
J1 = J2
RETURN
END
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SUBROUTINE A B N M (L IM IT N ,L IM IT M )
DOUBLE PR EC IS IO N  F N M (2 ,1 7 ) ,P R 0 D (1 7 ) ,F M M (1 7 )
DOUBLE PR E C IS IO N  S I G N 1 ,R 2 M ,R 1 ,R 2 ,R 3 ,C 1 ,C 2 ,C 3 ,P I  
INTEGER EVENHA, ODDHA, E V EN FA , ODDFA, SIG N2 
C O M M O N /BL1 /FN M ,PR O D /BL2 /R 3 ,C 1 ,C 2
COMMON/BL3/EVENHA,ODDHA, SIG N 2 , KMAX, I4 S Q M ,K S T A R T , LCB 
DATA L C A , L C B , EVEN HA, ODDHA, E V E N FA , O D D FA /6 , 5 , 2 , 1 , 1 , 0 /  
DATA S IG N 2 , I4S Q M /1 , 0 / ,  R 3 ,S I G N 1 / 2 .0 D 0 ,1 .ODO/
P I =4•ODO*DATAN( 1 .ODO)
FMM(2 ) - 0 . 1 25DO*DSQRT( 3 • O D O /P I)
F N M (1 , 1 )= 0 .1 2 5 D 0 * D S Q R T (5 .0 D 0 / (6 * 0 D 0 * P I) )
FNM(1 ,3 )= 1 . 5D0*FNM ( 1 , 1 )
FN M (2 , 2 )= 0 . 25D0*DSQRT( 1 . 5 D 0 / P I )
C 1=DSQRT(17* 5D 0 ) / 6 . ODO 
C 2 = D S Q R T (1 4 .0 D 0 )/9 .0 D 0  
W R IT E (5 ,1 0 0 )F N M (2 ,2 )
DO 10 N = 2 ,L IM IT N
KMAX=N+1
I=EVENHA
EVENHA=ODDHA
ODDHA=T
I= LCA
LCA=LCB
LCB= I
KSTART= 4-EVENHA
10 CALL  SUBAB
FN M (2 ,2 )= FM M (2 )
DO 20  M=1, LIM ITM
LCA=5
LCB=6
I=EVENFA
EVENFA=ODDFA
ODDFA=I
EVENHA=2-ODDFA
0DDHA=2-EVENFA
SIGN1= -SIGN1
S IG N 2= -S IG N 2
R2M=-2*M
I4SQM=4*M*M
R1=2*M*M+3*M
R2=4*M+8
C1= DSQ RT(R1/R2)
C 2= 0. ODO
R3=2*EVENFA
DO 30  N = M ,LIM ITN
KMAX=N+1
I=EVENHA
EVENHA=ODDHA
ODDHA=I
KSTART= 4-EVENHA
PR 0D (KM AX+ 2)= 0 .0D 0
I=KMAX+KSTART
DO 40  K= KSTART, KM AX,2
J = I -K
40  PROD( j)= P R 0 D ( j+ 2 )+ F N M (E V E N H A ,j)
DO 50 K^ KSTART, KM AX,2  
R 1=R 2M*PR0D(K )
50 W R IT E (LC A ,1 0 0 )R 1  
CALL  SUBAB 
I= LCA  
LCA=LCB
30  LCB= I
0DDHA=2-0DDFA 
EVENHA=2-EVENFA 
KMAX=M+1 
KSTART=4-EVENHA
- 177 -
DO 60 K=EVENHA, KM AX,2  
PR 0D (K+ 1)= f m m ( k )
P R 0 D (1 )= 0 .0 D 0
DO 70  K= KSTART, KM AX,2
J=K-1
p r o d ( j )=p r o d ( j ) - f m m ( k )
R3=2*0DDFA 
P R 0 D (1 )= R 3 * P R 0 D (1 )
R1=I4SQM+6*M
R2=I4SQM+12*M+8
C 3= S IG N 1 *0 .5D 0*D SQ R T (R 1 /R 2 )
KEND=ICMAX+1
DO 20  K=ODDHA,KEND,2
PM M (K )= C3*PR0D (K )
f n m ( o d d h a , k )=f m m ( k )
REWIND 5 
REWIND 6
FO RM AT(1X,D1 8 . 1 0 )
RETURN
END
SUBROUTINE SUBAB
DOUBLE PR E C IS IO N  F N M (2 , 1 7 ) ,P R 0 D (17 )
DOUBLE P R E C IS IO N  R 1 ,R 2 ,R 3 ,C 1 ,C 2  
INTEGER EVEN H A , ODDHA, SIG N2 
C 0 M M 0 N /B L1 /F N M ,P R 0 D /B L2 /R 3 ,C 1 ,C 2
COM MON/BL3/EVENHA, ODDHA, S IG N 2 , KM AX, I4SQ M ,K ST A R T , LCB 
DO 10 K=EVENHA, KMAX,2
R 1= D BLE (FLO A T ( S IG N 2 * (K -1  ) ) ) *FNM ( EVENHA, K )
W R IT E (L C B ,5 0 )R1 
DO 20  K=EVENHA, KM AX,2  
PR0D(K+1 )=f n m ( e v e n h a , k )
PROD( 1 )= 0 .0 D 0
DO 30  K= KSTART, KM AX,2  •
J=K-1
PROD ( J  ) =PROD ( J  ) +FNM ( EVEN H A , IC )
PROD( 1 )= R 3* PR 0D (1 )
KEND=KMAX+1
FNM( ODDHA, KEND)= 0 .ODO
DO 40  K= O DDHA,KEND,2
FN M (0D D H A ,K )= C 1 *PR 0D (K )-C 2 *FN M (0D D H A ,K )
J  =4 *KEND*KEND 
R 1—( J —1 )*KMAX 
R2= ( J -I4 S Q M )* (K M A X + 2 )
C2=C1
C1= D SQ RT(R1/R2)
R 1=KM AX-1 
R2=KEND
C 2 = (R 1 * C 1 ) / (R 2 * C 2 )
F0 R M A T (1X ,D 18 . 1 0 )
RETURN
END
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SUBROUTINE I A B ( L IM IT N , L IM IT M ,M A X K )
DOUBLE PR E C IS IO N  F U N l( 1 6 ) , F U N A B (8 ) , F U N A B l( 8 )  
DOUBLE P R EC IS IO N  S IG N ,C O N J ,S 1 ,X  
INTEGER EVEN 
DO 10 1 = 1 ,16  
10 F U N l( l ) = 2 . 0 D 0 / D B L E ( F L 0 A T ( l - 4 * ( l - 1 ) * * 2 ) )
DO 20  1 = 1 ,2  
C 0 N J= -1 . ODO 
S IG N= -1 .O D O  
S 1 = ( - 1 . O D O )**I 
NSTEP=2 
NBEGIN= I 
M O
MAXL=I 
EVEN=I 
L1 =1-1 
L2=2
LC IP = 4+ I 
LC0P= 8+ I 
30  I F (M .G T .L IM IT M )  GOTO 20
DO 40  N = N B E G IN ,L IM IT N ,N S T E P  
R E A D ( L C I P ,1 0 0 ) ( F U N A B ( L ) , L= 1 ,M A X L )
FUN AB( 1 )= FU N AB (1 ) /D B L E (F L O A T (E V E N ) )
DO 50  K= 1,M AXK 
X O .O D O  
DO 60 L= 1 ,M AXL 
IN D E X =1+ IA B S (K -L )
60 X = X + FU N A B (L )* (FU N I(IN D E X )+ S IG N * FU N I(K + L+ 1 -E V E N ))
50 f u n a b i ( k )= c o n j * x
DO 70  J = 1 , NSTEP 
L 2 = 3 -L2  
70  CONJ=-CONJ
M AXL=MAXL+L2/2
F U N A B I (1 )= F U N A B I(1 ) /D B L E (F L O A T (E V E N ) )
40  W R IT E (LO O P ,1 0 0 ) ( F U N A B l( K ) , K= 1 ,M AXK )
N STEP=1 
L2= I 
M=M+1 
NBEGIN=M 
S IG N = -S IG N  
C0N J= S1*SIG N  
EVEN= 3-EVEN  
L1= L1+ EVEN /2  
MAXL=L1 
GOTO 30 
20  CONTINUE 
REWIND 5 
REWIND 6 
REWIND 9 
REWIND 10 
100 F 0 R M A T (1 X ,D 1 8 .1 0 )
RETURN
END
SUBROUTINE H AN KEL( L IM IT ,A R G )
DOUBLE P R E C IS IO N  R 1 ( 2 , 2 ) , S ( 2 ) ,H N ( 2 )
DOUBLE P R E C IS IO N  A R G ,A R G 2 ,S IG N ,S IG N 1 ,S IG N 2  
DOUBLE P R E C IS IO N  T E R M ,A ,B ,R A T IO ,S N ,C S  
DATA I P S 1 , I P V 1 / 2 ,1 / ,S I G N 1 ,S I G N / 2 * 1 .O D O /
ARG2=2*ARG
SN=DSIN(ARG)
CS=DCOS(ARG)
R1 ( 1 , 1 )= (S N /A R G -C S )/A R G
R 1 ( 1 , 2 ) = - ( SN + CS/ARG ) /ARG
R 1 ( 2 , 1 )=SN/ARG
R 1 (2 ,2 )= -C S /A R G
L IM P 1 = L IM IT +1
DO 10 N = 2 ,L IM P1
TERM=1.ODO
S(1 )= TERM
S (2 )= 0 .0 D 0
IPS2= 2
IP V 2 -1
SIGN2= 1.DO
DO 20  L * 1 ,N
A = (N + L )* (N -L + 1 )
B=L
R A T I0 = S IG N 2 * A /( AR G 2*B )
TERM=TERM*RATIO
S (IP S 2 )= S ( IP S 2 )+ T E R M
SIG N 2= -S IG N 2
I= IP S 2
IP S 2 = IP V 2
IP V 2 = I
H N ( I P S 1 ) = (S IG N 1 /A R G ) * (S ( 1 ) * C S -S (2 ) * S N )
H N ( I P V 1 )= (S IG N 1 /A R G )* ( S (1 ) * S N + S (2 )* C S )* ( -S IG N )
A=N
B=2*N-1
S (1 )= R 1 (IP V 1  , 1 ) /A R G + R 1 ( IP S 1 , 1 ) * ( A - 1 .0 D 0 ) / B - H N ( 1 ) * A / B
S (2 )= R 1 ( I P V 1 ,2 ) / A R G + R 1 ( IP S 1 , 2 ) * ( A - 1 .0 D 0 ) / B - H N ( 2 ) * A / B
A = S (1 )* * 2 + S (2 )* * 2
S ( 1 ) = S ( 1 ) / A
S ( 2 ) = - S ( 2 ) / A
W R I T E ( 8 , 3 0 ) S ( 1 ) , S ( 2 )
A = R 1 ( IP V 1 , 1 )* * 2 + R 1 ( IP V 1 ,2 )* * 2  
S ( 1 )= R 1 ( I P V 1 , 1 ) / A  
S ( 2 ) = - R 1 ( I P V 1 , 2 ) / A  
W R I T E ( 7 , 3 0 ) S ( 1 ) , S ( 2 )
R 1 ( I P S 1 , 1 )= H N (1 )
R 1 ( I P S 1 ,2 )= H N (2 )
S IG N 1= SIG N 1*SIG N
S IG N = -S IG N
I= IPS1
IPS1= IPV 1
IP V 1 =1
REWIND 7
REWIND 8
FO RM AT(1X , 2D1 8 . 1 0 )
RETURN
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